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ABSTRACT 


The removal of nickel by activated sludge was studied by 
adopting a mechanistic approach. Nickel was chosen as the 
metal of interest because it was found to exist mainly in 
the soluble phase in Edmonton sewage, it was poorly removed 
by biological treatment, and nickel concentrations in 
Edmonton sewage were high compared to other large cities in 
western Canada. 

The soluble nature of nickel suggested that it might be 
largely removed by sorption onto activated sludge. 
Consideration orntheequimibria for, the various’ sorption 
mechanisms furthermore suggested that free nickel ion 
concentrations were more relevant than total soluble nickel 
concentrations. 

Batch and a flow through column equilibration methods 
involving cation exchange were investigated to measure free 
nickel ion concentrations. Theoretical equations were 
derived and experimentally verified using synthetic 
Solutsons cContainminge10, to 10 -Metrecentenels Both 
methods provided accurate results. The batch method requires 
the use of several weights of resin to compensate for 
perturbation of the equilibria by the resin. The flow 
through method is non-perturbing so that each analysis 
requires only one sample. Measurements of free nickel ion 


concentrations in sewage were carried out with the flow 


ed beidyte anv Sebvle S50 a0 93R 4 cenail 
si? 26 §azed> esy Leto eck Atoetile 
nk wlatem teixe O23 cry@i gee df s40enad 


i ee 

bavomet VitOOq Ber Ji (Speee tod acura fF seedy st ai 
* - : ; ry _ 

She fesss TSa>nos [oSiin bas . aaidase 


SR ae i 
) 2ohsis ag vel verico of BetemaeS Api, 719% i ey: 


a ne 

isgdim.sf P6a3 oeltesaveee cada AQ e9076n sicuiow 
, sebyiz -atevia3s aan oe ‘34702 he eaomes 

tei sasd4. ausivay sts) 202 indrivedoe sn3 ‘te welder 


a0:.igaAzi 3957 ais Besedpous 2 ousecaSa8 


ys 
n 


lesz in sidgaise 12-6 644 +3nasvoisat 2198 3288 ano bi 
satods 

abc 42am coisecdiii.dos sevios alae “Tit 6 bas sore 
go19 s1ueEenm ci PosbOltecun! “stew spnbeses asi¥as 
gp" aho@telpe bssragt6an? anoisetcasseas mot 
oitedtays priten beet iiav viiasngmi tecas bes 

dite@ ~fe4nin sacl (B *'O} of "OP pls i cae P 
gesidper bodiay 45200 SHT .p fies: ocxsaae SsBivead: 
39% seopensgnog odaiae? Jo asdpiew isseves 1 3 

; wei} ad? sizes sad atrwtit ispe: eds 20 Ae 
<= ethertinn: does sade oe pqiduusisg-non ef Sadized sey 
pet -Igtsin git lo atnenesvaest -oiqmse ene yine 
wolt ‘ef? d2iv tuo beltazas dew epetee nt enads 


- 


| 
i a => =e A 
7 -— de 


through method. 

NeGligi bles trecwnickeleion concentrations: (<3 -xvi07! M 
Or = 6% of total soluble nickel concentrations) were 
measured in Edmonton sewage. Titration of several sewage 
samples with nickel showed that complexation capacities were 
about 10°° M (0.6 mg/L Ni). Concentrations of NTA indicated 
that @NTA courdebe. a major ligand for nickel complexation in 
Edmonton sewage. 

Batch experiments were carried out to relate nickel 
uptake by activated sludge to total soluble nickel and free 
nickel ion concentrations in sewage samples. The uptake 
isotherms clearly demonstrated that there was a direct 
relationship between nickel uptake and free nickel ion 
concentrations. On the other hand, the isotherms using total 
soluble nickel concentrations were non-linear over the 
entire range of initial total soluble nickel concentrations 
used (up town] ex eLOwea Me om. Oumg/ lh). 

Equations relating nickel removal from sewage by 
activated sludge to the free nickel ion concentration in 
untreated sewage and its position on the complexation 
Capacity curve were derived and applied to experimental 
results. In contrast to published metal removal models, 
these equations do not require assumptions about the 
Stoichiometry of nickel-ligand complexes formed in sewage 


and on activated sludge surfaces. 
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GLOSSARY OF ABBREVIATIONS AND SYMBOLS 


atomic absorption spectroscopy 

anodic stripping voltammetry 

total metal concentration 

free metal ion concentration 

chemical oxygen demand 
ethylenediaminetetraacetic acid 
Graphite furnace atomic absorption spectroscopy 
acid dissociation constant 

Stability constant (aqueous) 

Stability constant (solids) 

ion exchange coefficient 

molar (moles/L) 

mixed suspension of activated sludge floc and 
primary effluent in aeration basin 
mixed liquor volatile suspended solids 
Newinl ObLLaGce tice acLa 

total organic carbon 

overall metal formation constant 

resin distribution coefficient 

resin distribution ratio 

Sludge distribution coefficient 


mean cell residence time 
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1. INTRODUCTION 


Increasing metals usage and mankind's technological advances 
are inseparable. As uses of metals for tools, utensils, 
medicines and agricultural purposes increased, it was 
inevitable that some of these uses should result in adverse 
effects to humans. The dramatic increase in metals usage 
during the twentieth century, together with increasing 
awareness of environmental and health hazards, have created 
immense interest in their concentrations and fates in the 
environment. 

Although non-metals such as arsenic are of 
environmental concern, the so-called "heavy metals" have 
been of particular interest. Heavy metals are an ill-defined 
group of elements with specific gravities greater than about 
Four.or fiverrand imciudevicadnium, chromium, cobalt,.copper, 
iron, lead, gold, manganese, mercury, molybdenum, nickel, 
Silver and zinc (Brown and Lester, 1979; International 
Encyclopedia of Chemical Science, 1964; Lapedes, 1974). 

These metals frequently occur in municipal wastewaters, 
often at concentrations which are considered to be high. 
Consequently, municipal sewage treatment plants may receive 
substantial metal loadings. The traditional role of these 
plants has been to remove organic matter and suspended 
solids from sewage. However, efficient metals removal is 


also essential because metals discharged in treated sewage 
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can be toxic to aquatic life or can enter the human food 
Ghaipthroughsthe .consumption .of «crops ,.f1sh-.on water 
Supplies which are contaminated with metals. 

Free metal ion (defined as uncomplexed hydrated ions, 
in contrast to soluble complexed metal forms) concentrations 
GChycadmium,:Gopper, nickel.and .2ine..as hows ~l0a%-to-910"-* M 
have been found to be toxic to algae, fish and crustaceans 
(Allen et a/]., 1980; Fezy et a]., 1979; Pagenkopf et a/., 
1974> Sundavese ailivp $978). Metal stoxicities m-natural 
waters have been found to be directly dependent on 
concentrations of the free metal ions and not on total metal 
concentrations. 

Tragic examples of the effects of water-borne "heavy 
metals" on human health have even occurred during the last 
forty years when environmental awareness has been 
unprecedented. The Japanese Itai-Itai disease, which 
resulted from the consumption of rice grown in paddy fields 
irrigated with cadmium-contaminated water, had caused almost 
100 deaths up to the end of 1965 (Purves, 1977). Nearly 1000 
cases of food poisoning, approximately 100 of which were 
fatal, occurred among inhabitants near Minamata Bay, Japan, 
between 1953 and 1973 from eating fish and shellfish 
eontaminaved wish imescumy .@D sLbrieand Dltnd, .1l977jeosDuning 
19.7057 144faSh from shake iSt. Clair .on the Canada-Uas7a. 
border contained up to fourteen times the mercury limit of 
0.5 mg/kg permitted for fish destined for human consumption 
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"Heavy metals" may also be toxic to aerobic and 
anaerobic biological wastewater treatment processes with 
resultant deteriorations in effluent quality and sludge 
Gigestor performance (Barth et a]., 1965; Hayes and Theis, 
1978; Kugelman and Chin, 1971; Nielsen and Hrudey, 1981). 
Metal toxicities in activated sludge systems appear to 
decrease as follows: 

(i) Nitrifiers: 

One ON ie eC Vl) Cus> HOSS eon er (1 11.) 
(ii) Aerobic heterotrophs: 

Cte Nima Col Pbs>eer (Vig ase ume Cr (1 LL) 
(iii) Anaerobic digestion: 

Nige> Cue Pb eecr > om 2 Cd 

Nitrifiers have generally been found to be more 
Susceptible to metals toxicity than other activated sludge 
microorganisms. Influent metal concentrations of 1 to 
10 mg/L (as total metal) are required to noticeably affect 
aerobic activated sludge treatment processes whereas 
considerably higher concentrations are necessary to inhibit 
anaerobic processes. These threshold toxic metal 
concentrations, however, are at least an order of magnitude 
larger than those normally found in municipal wastewaters. 
Furthermore, acclimation of activated sludge microorganisms 
to relatively low baseline metal concentrations increases 
microbial resistances to metals. 

It is obvious that water-borne heavy metals pose severe 


environmental and health problems. Consequently, guidelines 
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and standards governing maximum and desirable metal 
concentrations in wastewaters discharged into public sewers, 
in treated effluents and in drinking water sources and 
supplies have been widely promulgated. 

The following critical literature review to March 1982, 
discusses cadmium, chromium, copper, lead, mercury, nickel 
and zinc in municipal wastewaters and their removal by the 


activated sludge treatment process. 
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2. LITERATURE REVIEW 


2.1 METALS REMOVAL BY MUNICIPAL ACTIVATED SLUDGE TREATMENT 
PLANTS 

Metals are removed at both primary and secondary 
treatment stages in conventional activated sludge treatment 


systems. 


2.1.1 Metal Removal Processes by Primary Sedimentation 
Metals must be either in an insoluble form or attached 
to settleable solids in order to be removed by 
sedimentation. The formation of insoluble hydroxides, 
carbonates and phosphates is possible depending on the 
composition of the sewage (Carter and McKinney, 1973; 
Heukelekian and Gellman, 1955; Stoveland et a/]., 1979a). 
Lester et a]. (1979b) found that 50 mg/L concentrations of 
chromium(VI) and lead were precipitated, probably as the 
hydroxide and sulphate forms, respectively, when added to 
growth media containing a high organic concentration (1000 


mg/L sucrose). 


2.1.2 Metal Removal Processes by Activated Sludge 
Secondary treatment removes metals by different 
mechanisms depending upon the form in which the metal is 
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1. Precipitated or non-settleable particulate metals 
arefremoved by centinapment.in the floc. There is virtually no 
mention of these processes in the literature. Apart from 
mentioning that precipitation would probably occur only in 
"dead spots" in aeration tanks (as a result of bad design or 
Operation), nothing further will be said about this category 
of metals removal. 

2. Dissolved metals are removed by sorption to 
activated sludge surfaces and by metabolically-mediated 
active transport across cellular membranes. 

The metal-containing floc is removed by secondary 
clarification and consequently efficient metals removal is 


also dependent on efficient final clarification. 


2.1.2.1 Nature of Activated Sludge 

Activated sludge consists of a complex interacting 
mixture of bacteria and protozoa together with smaller 
numbers of fungi, algae and invertebrates (Calaway, 1968; 
Curds;, 1963, 197, 1975- Hawkes, 19635 MeKinney-and 
Gram, 1956: Pike and Curds, 1971: Pipes, 1966). The bacteria 
are mostly gram negative heterotrophs which include 
Zoogloea, Pseudomonas, Sphaerotilus, Azotobacter, 
Flavobacterium, Mycobacterium, Micrococcus, Staphylococcus, 
Bacillus, Arthrobacter, Nocardia and Bdellovibrio. 
Zoogloe@a sp. are believed to be the most common. Prosthetic 
bacteria such as Caulobacter and Hyphomicrobia, and 


autotrophic species such as Nitrosomonas may also be 
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present. The activated sludge bacteria exist as aggregations 
or flocs of varying sizes. 

Protozoa) twhirech teameaconstitutedupito 5% of thevmixed 
liquor volatile suspended solids, MLVSS, consist mainly of 
free-Swimming, crawling or attached ciliates with smaller 
numbers of amoebae and flagellates. The main species of 
ciliates are Vorticella, Opercularia and Epistylis, all of 
which are attached protozoa. Although protozoa perform some 
removal of organic matter and enhance flocculation, they are 
believed to function mainly in producing a clear effluent by 
feeding on dispersed bacteria. 

Few fungi usually exist in municipal activated sludge 
plants. They can predominate under abnormal conditions and 
filamentous fungi, for example Geotrichum sp., can cause 
Sludge bulking. The filamentous bacterium Sphaeroti/jus 
natans has also been reported to cause bulking although it 
is now believed that Geotrichum has sometimes been wrongly 
identified as Sphaerotilus. 

Algae are normally almost non-existent because the 
highly turbid conditions in activated sludge aeration tanks 
G@oenotcallow penetration ofrsufficient light to Sustain 
photosynthesis. 

Invertebrates are mainly represented by rotifers with 
fewer numbers of nematodes being present. Rotifers also help 
to clarify the effluent by feeding on bacteria and small 


pieces of floc which cannot be ingested by ciliates. 
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2.1.2.2 Bacterial Extra-Cellular Polymers 

Although it was once believed that the only bacterium 
which could produce extracellular polymers was Zoogloea 
ramigera, it has been shown that a wide variety of gram 
negative and gram positive species are capable of this 
activity (Bitton and=Frreihofer >= 1998. Pike; and’ Ctrds)” 1971). 
Some bacteria can produce many times their dry weight as 
extracellular polymers (Wilkinson, 1958). 

Extracellular polymers in activated sludge occur as 
insoluble capsules which adhere to cell walls and as a 
dissolved or colloidal slime which can become detached from 
the cells. As an example, Z. ramigera 115 has an 
extracellular capsule composed of intermeshed polymer 
Strands containing globular packets of cells 
(Friedman et a]., 1968). The quantities of capsular polymers 
are normally larger than those of slime polymers 
(Dugan, 1975:> Wilkinson, 1958). 

Chemical compositions of capsular polymers, which are 
Similar to those of soluble slime polymers (Forster, 1971), 
are variable. They always contain a large polysaccharide 
fraction, which may also vary in composition. The 
polysaccharides can be low or high molecular weight 
components consisting of neutral sugars (for example, 
glucose, galactose, fucose, mannose, ribose and rhamnose), 
acidic sugars (for example, glucuronic acid) and amino 
Sugars such as N-acetylglucosamine. It does not appear that 


capsular polymers contain substantial quantities of aromatic 
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fulvic or humic acid components under aerobic conditions 
(Bova €t aii, 1979; Forster; 1971% Friedman etal.) 1968: 
Steiner et a/., 1976: Tezuka, 1973: Wilkinson, 1958). 
Insoluble extracellular polymers may also contain 
proteins and lesser amounts of ribonucleic and 
deoxyribonucleic acids (Sato and Ose, 1980; Tenney and 
Verhoff, 1973). These components are likely to have been 
liberated by cellular disintegration, autolysis or damage 
Guring severe polymer extraction methods (Brown and 


Lester, 1979). 


2.1.2.3 Metal Removal Processes 

1. Sorption processes 

Activated sludge has been observed to sorb up to 4% 
metals on an organic matter weight basis (Cheng 
etal. (975° Rudolis and’ Zuber, 1953). Tt is evident. that 
extracellular polymers play an important role in metal 
uptake. Z. ramigera 115, which produces extensive 
extracellular polymer, was reported to have a very high 
aifinvey for Copper andzince i0ns whereas 2... ranigera 1-1-6, 
which produces little capsular material, had “only half the 
affinity for these metals (Friedman and Dugan, 1968). 

Uptake of cadmium, copper, lead, mercury, nickel and 
Zing, atrconeentrations of up to 1000 mg/L, iby viable 
activated sludge exhibits an initial rapid phase followed by 
a long-term slow phase. The initial rapid phase has been 
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for at least 90% of the metal uptake (Ayers et a/l., 1965; 
Chengrelaaiens |975#ebamb andi Tobliefsongwi0F3.-eMathys72 1979) 
Nelson et al]., 1981; Neufeld and Hermann, 1975). Autoclaved 
activated sludge was found to have the same initial rates of 
metal uptake as viable activated sludge but did not show a 
second slow phase of metal uptake (Cheng et a/]., 1975; 
Nelson et a/]., 1981). These data were interpreted to mean 
that the initial rapid phase involves attachment to the 
surfaces of viable and non-viable flocs by physico-chemical 
Sorption processes and that the second slow phase involves 
incorporation of metals into viable cells by active 
bacterial uptake. It is also likely that entrapment of 
precipitated metals or metals associated with non-settleable 
Solpdshanptheobiobogicaleéiec canrcontributentolthepinitial 
rapid phase of metal uptake. 

Laboratory observations that the percentage uptake by 
activated sludge of cadmium, mercury, nickel and zinc 
decreased with increasing metal concentration suggest 
Saturation of metal uptake sites on floc surfaces (Cheng 
et al., 1975; Dugan and Pickrum, 1972; Esmond and 
Petrasek, 1974; Mathys, 1979; Neufeld and Hermann, 1975). 
Data for metals uptake by activated sludge under laboratory 
conditions commonly fit Langmuir or Freundlich isotherms 
(Nelson et a/]., 1981; Neufeld and Hermann, 1975; 

Neufeld et a/]., 1977). Metal removal efficiencies at full 
scale activated sludge plants have been reported to be both 


independent of influent metal concentrations (Oliver and 
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Cosgrove, 1974), and to increase with increasing metal 
concentrations in sewage influents (Brown et a]., 1973). The 
highest metal concentrations in municipal wastewaters are 
generally lower than those used in laboratory experiments. 

The dynamic nature of metal uptake was first postulated 
by Moulton and Shumate (1964) and Ayers et a]. (1965). These 
investigators observed that the amount of copper sorbed onto 
the floc decreased if the metal concentration in the 
activated sludge aeration tank was decreased or if the 
concentration of uncomplexed ligands was increased by 
increasing the MLVSS or influent sewage organic strength. It 
has also been reported that copper was slowly released by 
activated sludge after the initial rapid uptake phase and 
that the proportions released increased as the influent 
metal concentrations were decreased (Lamb and Tollefson, 
1973+: Moulton and Shumate,,1964). 

Sorption of soluble metals to extracellular polymers 
can potentially occur by cation exchange, complexation with 
complexing ligands in the floc and by non-polar adsorption 
forces. These processes can be rapid and result in the 
establishment of a state of dynamic equilibrium between 
wastewater metals and those on the sludge. 

(i) Cation exchangers are insoluble solid materials 
which consist of fixed charge sites and mobile counter-ions 
which can be exchanged reversibly for a stoichiometrically 
equivalent amount of cations from the surrounding solution 


(Helfferich, 1962). Evidence for ion exchange as one of the 
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uptake mechanisms was presented by Dugan and Pickrum (1972) 
who found that Z. ramigera 115 released potassium ions as 
-yarious other metallic ions were taken Up. byathe.~flocs 

(ii) Complexes may be defined in a general manner as 
species formed by association of two or more simpler 
species, each of which is capable of independent existence 
(Rossotti and Rossotti, 1961). Cations in aqueous solution 
are coordinated with water molecules which may be replaced 
by other ligand(s), the extent of replacement being governed 
by the relative stabilities of the aquo and complex species. 

Two types of complex species can be distinguished 
(Stumm and Brauner, 1975). Outer sphere species or ion pairs 
occur when the metal ion and/or the ligand retain some of 
their coordinated water molecules upon complex formation. 
Bonding is by long range electrostatic forces and the 
resulting stability constants are relatively small. Inner 
Sphere species or complexes arise when the interacting 
ligand(s) is immediately adjacent to the metal cation. For 
these, short range or covalent forces contribute to the 
bonding and stability constants tend to be greater. In this 
connection, uptake of metals has been found to promote the 
settleability of activated sludge and this has been ascribed 
to displacement of bound water from the sludge by the metals 
(BorstervandelLewingn lom2; mRudoltS-andeZUubery ul 95508 

In contrast to soil solutions and natural waters, 
little is known about metal complexation with activated 


sludge. The relative absence of aromatics suggests that the 
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predominant metal complexation sites might be hydroxyl and 
carboxylic groups of polysaccharide molecules. 

Forster and Lewin (1972) found that uptake of copper by 
Z. ramigera 1-16 (which produces limited capsular material) 
followed the Langmuir isotherm, meaning that there was 
progressively less chance of sorption sites being available 
as more metal was sorbed. It was suggested that metal uptake 
eccurred by complexation with carboxyl groups which, at 
normal physiological pH values, would be practically 
irreversible. This type of bonding was subsequently 
repostulated ‘by Steiner €t al. (1976). The ‘process is 
pldustrated in Figure 2.1(1) for complexation by carboxyl 
groups in humic acids (Gamble ef a]., 1970). Carboxyl groups 
are almost completely ionized at pH values of about 7 
(Harper, 1975). Gould et a/., (1976) have suggested that 
strong chelation in the solid state may also involve ring 
oxygens in polysaccharide molecules. 

Metal uptake by the capsule forming Z. ramigera 115, on 
the other hand, exhibited irregular Langmuir, Freundlich and 
Temkin isotherms. It was postulated that the metals 
preferentially formed irreversible bonds with carboxyl 
groups. When these sites were fully occupied, the metals 
were presumed to form weak electrostatic bonds with hydroxyl 
groups of the hexose and pentose rings in neutral Sugars 
acting alone or together (Forster and Lewin, 1972; Steiner 
et al., 1976). Neutral polysaccharides are known to form 


weak complexes with cations in neutral or acid solutions. 
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(2) strong complexation by carboxyl groups (Gamble et al 
1970) 
| O O 
T t | T 
LOE RIO eel ool 
—Cc—Cc—o- —c—C—o~ 
T I 
(ii) Weak complexes formed by hydroxyl groups (Rendleman, 
170) 
HO bat 
=C--O) 
PN 
yz 
ce 
(a) Non-alkaline solutions (b) Alkaline 


Figure 2.1 Complex Formation of Metals with Carboxyl and 


Hydroxyl Groups 
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The affinity for cations increases as the pH increases due 
to loss of hydroxyl protons (Rendleman, 1978). This type of 
complex formation also involves a chelation mechanism 
between cations and two or more hydroxyl groups in a 
favourable steric arrangement (Figure Z.1hia)).aMuniezpad 
sewage is generally slightly alkaline due to 
carbonate-bicarbonate buffering. 

Metal complexation might also occur with uncharged 
ligands such aS amines or ammonia on the surface of the 
floc. However, there 1s no evidence that this mechanism 
occurs with activated sludge. 

(iii) Non-polar adsorption would involve the attachment 
by non-Coulombic forces of metal-organic molecules to the 
Sludge. This mechanism has not been described in the 
literature for metals uptake by activated sludge. 

2. Active bacterial uptake 

The general ability of living organisms to concentrate 
metals is well documented (Patrick and Loutit, 1976). Work 
with various bacterial species has shown that metals are 
mainly associated with cell walls and cell membranes, and 
not with the cytoplasm (Corpe, 1975; Tornabene and 
Edwards, 1972). Metal binding sites within cell walls are 
much stronger than those at cell wall surfaces and it 
appears that these internal sites undergo metal exchange 
reactions relatively slowly and can become saturated 


(Frausto da Silva and Williams, 1976). 
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Cheng et a]. (1975) compared nickel uptake by viable 
andnon-active sludge and found that total nickel uptake for 
the viable sludge was somewhat greater than for the 
non-active sludge. The nickel remaining in solution also 
decreased, apparently linearly, between 10 and 60 minutes, 
whereas uptake by the non-active sludge was independent of 
time. These results suggested active nickel uptake by the 
viable sludge which did not occur for the non-active sludge. 
Mathys (1979) has also reported that activated sludge 
exhibited a two-stage uptake pattern with cadmium. The 
second, which started after 24 hours, indicated active 
processes. Nelson et a]. (1981), however, found that for 
cadmium and zinc, viable and autoclaved activated sludge had 
Similar adsorption isotherms whereas for copper, autoclaving 
decreased uptake. 

Although aerobic heterotrophs such as £. co/]i and 
Pseudomonas sp. can metabolize lead and mercury by 
methylation (Higgins and Burns, 1975; McEntire and 
Neufeld, 1975; Wong et a/]., 1975) and can eliminate 
mercury(II) species by reduction to elemental mercury 
(Furukawa and Tonomura, 1971; Summers and Silver, 1972), the 
occurrence of these and other types of metabolic 
transformation mechanisms for metals in activated sludge has 


not been reported. 
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2.1.3 Metal Concentrations in Activated Sludge Treatment 
Plants 

The main contributing sources of metals in municipal 
wastewaters are domestic water supplies, residential 
wastewaters, commercial and industrial discharges and 
Surface runoff (Atkins and Hawley, 1978; Cheremisinoff and 
Habib, 1972* Davis and Jacknow,. 1975* Gurnham ef al., 1979 
MveCiniveleals 7 avers KkOCh- er al., 1977). 

It has been suggested by Davis and Jacknow (1975) that 
there seem to be background concentrations of metals in 
municipal wastewaters in the U.S.A. from non-industrial 
sectors that may prove to be essentially uncontrollable. 
Other work from New York City has shown that 84% of cadmium, 
S07, OLechromium, 917.01 GoOpper;, 38% of nickel and 94% 0f 
Zine WOULG CONncinue tOebe discharged 1f all industry «in the 
city could achieve zero wastewater discharge (Klein 
eu ais, 19/4) a cGurmnaem er an, 01979), found that ‘foods ‘and 
household commodities such as detergents, soaps, bleaches, 
fabric softeners and toilet and facial tissues can contain 
very high concentrations (up to several hundred p.p.m.) of 
some metals. These authors found that one-third to one-half 
of the cadmium, chromium, copper, mercury and zinc in 
Chicago residential sewage was derived from foods. 

in contrast tO the foregoing, industrial sourees have 
been found to be the major contributors of metals in some 
Canadian municipal wastewaters. Oliver and Cosgrove (1975) 


found that metal loadings to a treatment plant in Southern 
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Ontario which received about equal flow proportions of 
residential and industrial wastewaters were generally at 
least ten times higher than those to a plant receiving only 
residential sewage. Data from Vancouver showed that cadmium, 
eed. Mercuny, siuckel and, Zinc concentrations were higher in 
mixed wastewaters than in sewage from purely residential 
areas (Koch et a/]., 1977). 

Influent metal concentrations to municipal sewage 
treatment plants can exhibit large temporal variations 
because of factors such as water treatment, community 
affluence, relative magnitudes of domestic, commercial and 
industrial water uses and climatic conditions. 

Cadmium, chromium, copper and, nickel inputs to the 
Dallas White Rock Sewage Plant in Texas were found to arrive 
as Slugs whereas lead exhibited little diurnal variation. 
The temporal pattern for copper was distinct from the random 
patterns of the other metals. This indicated a source of 
copper which was removed from the general location of other 
sources or a plant which was operating a different work 
cycle (Weeks, 1975). 

In Hawaii, zinc concentrations in raw sewage auramnid. A 
weekend varied directly with sewage flows and showed the 
greatest diurnal variation of the metals determined. They 
were greatest during late morning, mid-afternoon and early 
evening, suggesting that much of the zinc was of domestic 


onigin. (Nomurasand,voung.~@ 1974) . 


6 Yaa 


7TLOO, DLV 1 S949 . Ihe ig S dis , al paahe iedgid ae nad 
, : ty : eS ive qi : cn 


= mr 
Te 
” 
“4 i 
I 
‘ 
i) / 
; ™ 
bi av , 
a 1 
~ ne = 
™ ey - 
~ i — = « ‘ 7. Co es 
=] > didnt ity 3i\J Sale 
in ' 


sa Deweoda ous 


Tee =, avon ners S80 -9eian 


1s 3 See Stes bes, deazin «pat 


ty 


vised ‘ca aieeine we ert, a 


| ‘a 4 


venice 


_ ant tne gen saalie tks 


eh | 
pp} 
reo Cs 
v4 2 i ) 
SB + ‘ 
Ww 8) cee 


a 
Sh & a 


iS he ek; as Aaah: acedail we 


"wl 2a8i8 EPEAT Ason, asa 


piet-bes tice bees reste 


ay ty ees! ‘eovrats 3a Hotta 


y CPR NB a 
Give song ieiun sau a 


apie, Rate qa>  aznekg 
1, aeOus are eet Se vated. 


a Dace «shy kame mit 


25 eae ‘a5 vie 2g erre 

‘@tes cae sem | tates a3 16. 
~ ' 

eyeqe 25M etd: peel: 6 ~, 

. aga edoaith 


ted 2p Sawn on ie ce 


Sk he G3iv, ghigascs bai ray be sa 


vary ba dinteze SN acshain at d9 ag hiapsey tatousd teed 


ei7BS Rita mse 


sic 340qh 


REE t tautt sini axet ersanb senteaip esate 
im ‘anv onfevedta te acm eats grit tongues: veadeses . _ 


TE oF baw ekem) Aipizo 


> = oO | 
—s 
® ad : oT 
| - ‘% 
—- r wt J un | 
ot 
ea, nn 


Hourly sampling at a conventional activated sludge 
plant in Ontario showed that metal inputs were not 
continuous but consisted of random slugs. Several of the 
metals had coincident curves indicating that they arose from 
the same industrial source (Oliver and Cosgrove, 1974), 

Dry weather metal concentrations and loadings in 
municipal wastewaters sampled in Vancouver showed distinct 
diurnal patterns (Koch et a/]., 1977). Peaks occurred during 
peak flows at mid-day and lows occurred during low sewage 
flows in the early morning. This relationship suggested that 
metals were associated with particulate matter which settled 
out in the sewers during low flows and was flushed out 
during higher flows. Alternately, the coincidence of high 
flows and high concentrations could simply have reflected 
inputs from domestic, commercial and industrial metal 
sources during peak flows with lower metal inputs occurring 
during. off-peak hours. 

Daytime metal concentrations in the influent to an 
activated, sludges plaitein Zurich, Swiezerland,.werestheee to 
five times higher than night-time values. The metal 
loadings, particularly for lead, increased sharply during 
wet weather suggesting urban runoff or scouring of sediment 
deposits in sewers as major sources (Roberts et a/., 1977). 

Recent work in Britain has also shown that particularly 
large temporal variations occurred in the 24-hour inputs of 
cadmium, copper, lead and zinc to the Oxford Sewage 


Treatment Works (Lester et a/., 1979a; Stoveland 
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etial., 1979a). 

Tables i275 )eu0' 2-7 summaraze total’.metal concentrations 
that have been meaSured in pilot and full scale activated 
sludge treatment plants. The full scale plants serve 
municipalities with populations ranging from a few thousand 
to about 500 000 and with varying proportions of commercial 
and industrial activities. 

Of the metals considered, zinc appears to be the most 
prevalent in municipal sewage followed by chromium, copper, 
nickel and lead. Concentrations of these metals seldom 
exceed 0.5 mg/L. Cadmium and mercury occur at concentrations 
at least one order of magnitude smaller. 

High metal concentrations in wastewaters and sludges 
have been reported from many localities, particularly in the 
U.S.A. and Britain. The Ontario values are, however, 
consistently high on a world basis. These high values 
probably result from relatively high proportions of 
industrial wastes in municipal sewage. Chromium 
concentrations in the Edmonton samples also appear to be 


igual of our 


2.1.4 Metal Removal Efficiencies 
The reported work on removal of metals by activated 
sludge treatment processes falls into two broad categories. 
1. The first and largest category involves studies in 
which total metal concentrations have been measured in the 
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plants and at various stages in these systems. This approach 
has been used to investigate the effects of various 
operating parameters, such as sludge age, on metals removal. 
Although this may be regarded ag a functional approach, it 
does not provide rational predictive potential because it 
gives no quantitative information about phase distribution 
mechanisms and metal affinities. 

2. Afsinaller Second, category involves studies in which 
more specific metal speciation measurements have been made 
in order to provide rational predictive information about 


metals removal. 


2.1.4.1 Non-predictive Approach 

Table 2.8 summarizes mean metal removal efficiencies 
measured in municipal activated sludge treatment plants. 

The large variations in mean removal efficiencies for 
any one metal at a given plant and also among different 
sewage treatment plants are caused by varying conditions at 
and among individual plants. Factors affecting metals 
removal will be discussed in Section 2.2. 

Although high overall removal efficiencies have been 
measured at different treatment plants for most of the 
metals, it appears that chromium, copper, lead and zinc are 
removed most efficiently and that nickel normally has the 
lowest removal efficiency. Removal efficiencies for nickel 
are usually less than 50% whereas those for the other metals 


are at least 60 to 70%. These data for nickel are consistent 
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with data from a recent U.S. report (Feiler, 1980), which 
showed that the median nickel removal efficiency in 20 
Sewage treatment plants was only 32%. The results for 
cadmium and mercury show the largest variations which may 
retlect the larger random analytical and sampling errors 
associated with the low concentrations of these metals 
generally found in municipal sewage. 

In general, metal removal studies have used an 
Operational definition of solubility based on the fraction 
of total metal which passes through 0.45 pm membrane 
filters. Raw sewage and final effluent data from laboratory 
scale activated sludge units have shown that chromium (at 
influent concentrations greater than 50 mg/L) was present 
predominantly in the soluble form whereas at lower influent 
concentrations (5 mg/L) it-was mainly associated with 
particulate matter (Moore et a/., 1961). Presumably the 
Capacity of particulates to sorb chromium was exceeded at 
the higher concentrations. Irrespective of concentration 
used, nickel was predominantly soluble, copper was at least 
90% soluble and zinc was mainly associated with particulates 
(Barth et al]., 1965; Patterson et a]., 1975). However, 
Mather (1964) reported that zinc in the effluent from a 
pilot activated sludge plant receiving high industrial zinc 
loadings was predominantly soluble. Rossin et a]. (1982) 
found that the cadmium, copper and nickel in the effluent 
from a pilot plant receiving municipal primary effluent was 


largely soluble whereas chromium, lead and zinc were 
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associated with poorly settleable particulates. 

Heukelekian and Balmat (1959) have reported that Maes 
62.5% and 24% of copper, lead and zinc, respectively, in 
domestic sewage were associated with the settleable 
fraction. At the Bryan activated sludge plant in Ohio, 
chromium in the final effluent was predominantly soluble 
following a massive (500 mg/L) slug of chromic acid (English 
et al., 1965). Almost all of the copper, nickel and zinc in 
the final effluent from a full scale plant in Ontario was in 
the soluble form (Oliver and Cosgrove, 1974). Results from a 
Los Angeles activated sludge plant showed that most of the 
lead and nickel in the primary effluent was soluble (< 8 pm 
diameter) while cadmium, chromium, copper and zinc were 
mainly insoluble (2 8 pm diameter). In the secondary 
effluent, more than 60% of each of the metals was soluble 
(Chen et a]., 1974). Nickel, chromium, copper and lead in 
the final effluent from an activated sludge plant in Hawaii 
were mostly soluble whereas cadmium and zinc were present 
predominantly in the insoluble phase (Nomura and 
Young, 1974). A recent size fractionation study using 
ultrafiltration in England found that most of the cadmium 
(45%) and copper (47%) in secondary effluent were associated 
with particles smaller than 0.015 pm in diameter whereas 
lead and some of the copper (32%) were associated with the 
largest size fraction (> 12 pM) (Laxen and Harrison, 1981). 

It has been suggested that metal removal efficiencies 


are higher in secondary treatment plants than in primary 


Hisviresgens Yeas in oat -a9ge5 26% 
oltiaets tee tg itd “‘Basebunas. ssw idea 
Pr ti 4oalg , webuile bagae: 293 eee sit oh: vas f 
eltuiee a get afar tis. tank ‘ora ‘nim 
wo tifa ae ea sue) ev iegem 3 pala , 

Arsen Ledcta 4 Toe oat 1% ohn, 4aomgA  aer alk 


/ : 
rt) (sero, 0) anata alee | ‘thw 4 moet inaut be “hoa 


= 
a 


uae, Ceres ELC tin wl EY ated ee 
sh 4b Seams 26026 Wome. aaa bevey hia asta fi 
6fauthe.omw Fr “eULN ee item bad ait 3. ab takin § 
iw gn: bab vsqeed (eeuMle nes ibd oth, (aa 
a ae nee aad 2 | (“ednmned®: a “4's stddicae vu ce 

acum ott Fd aide fe Woe weds axcm \4nguk 
: Bas 4saqao jenbinee Nake. (9eet ot 
iat | a 
sty aht, 4a Sel ied Gt sybbla Sa teectas, ree mort jasc file tant 
ages won jain’ Boa tu tees aaaaeiiy pliduilos ehiasm # 
a Bajo) agg ataunounk ai me ate 
sivhe ly eeu’ Aci pal Pads oye sees A .fSTOt , pak 
mutes ene ia ean Joes bets ‘Bee ahoad Ai ‘nobrevatite sh 
bate ee 3 t9W siete 23 ia (aabaepae me Tw) teeraes bos 28 
saggony Setagath di iy eta & as 4 sottons estoidiea d 
Pere ry." Baved 226 Suge iti ‘Veamos ad? 16 emoe cae - 
OR ow tinety vos ape’ tna 8 <) setioed? oela bebe 
gaiiveaisitie lLaveder Lagan tact Badedique! csed” bei ft ies *s 
tants of. oat agneba siemens yaabnoase QF 4: 5 i He 


eee aay “a = | m 
ill . 


7 aT) —— oF 


36 


plants mainly because suspended solids removal efficiencies 
Gree receCi wine Che srormen IBcown Gf 4/6) 11S7s naMore recent 
observations that proportions of dissolved/total metal 
concentrations increase as they pass through treatment 
plants (Chen et a]., 1974; Oliver and Cosgrove, 1974; Rossin 
Beran a I82)) suppore this suggestion, 

Significant proportions of each metal are usually 
removed by primary sedimentation. This unit process appears 
to remove more copper, lead and zinc than the other metals. 
The higher removal efficiencies at the primary sedimentation 
Stage observed in Great Britain can be partly explained by 
the long retention times (up to 12 h) used in the primary 
Secumentation vbamkss (Lester ler ai.) 19/9ae" Lewin and 


Rowell, 1973). 


2.1.4.2 Predictive Models 

There appears to have been two major attempts to 
quantitatively predict metal removal by biological 
treatment. A toxicity study is also included in this 
discussion because it demonstrates the importance of free 
metal ion concentrations. In presenting these studies, some 
of the symbols used have been changed to avoid confusion. 

1. Major contributions to the modelling of metal 
removal in activated sludge systems have been provided by 
Dr. J. Patterson's research group at the Department of 
Environmental Engineering, Illinois Institute of Technology, 


TIT (Beers, 1979; Cheng et a@/. 1975; Hickey, 1979). These 
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investigators used the Schubert ion exchange method 
(Schubert, 1948; Schubert and Lindenbaum, 1952; 
Schubert et ale, 1950) in batch mode to measure conditional 
metal stability constants in wastewaters. This method is 
intended for use with trace concentrations of metals in the 
presence of a large excess of metal-complexing ligands and 
necessitates "swamping" standard and sample solutions with 
excess electrolyte. 

Consider the following reactions of a metal ion, M, 


with wastewater ligand, L, and cation exchange resin (in the 


sodium form), RNa. Charges are omitted for simplicity. 
i] 
7 
nha les @ WE ML bab As 
n 
M+ nRNa === RM + nNa DB 


Metal distribution coefficients between the exchanger and 
the sample in the absence (AO) and presence (A) of 


complexing agents are: 


[RMI 

ip = 0s Fa 2s 
PROM 

a BEA 


Xx = 
gvaesaatinmal 
[M] + ML 4 


Combining equations 2.3 and 2.4 with the equilibrium 
constant expression for equation 2.1 gives the following 


expression for determining the conditional stability 
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t e 
constant, Ky? 


> 


log(s- = 1) = logk, +L Od,h Lal 2.5 


Hence a plot of nie - 1) versus log[L] under 
Gondittons suchtheat li >> [MM] willvgiye anlinear plot with 
slope equal to n and intercept equal to logky,- 

DB expEeession for the, conditional stability constant o£ 
metals with sludge, Kg, was also developed based on the 
following reaction between metal ion, M, and y sorption 


Sites on the sludge, S: 


MS ZO 


The expression used to determine Ki was: 


[Ms] 
aa _ vt ie r] nN 


Ky, and n were evaluated according to equation 2.5, and Ke 
De 


M m% ML WASIG SHES) 


and y were determined from a plot of log [ 
log[S] keeping [L] and pH constant. 

These measurements were made in raw sewage and primary 
effluents and combined with primary and secondary clarifier 
metal removal efficiencies and mass balance expressions to 
predict metal concentrations in primary and secondary 


effluents and in the sludges. Model simulations were made 


but no comparisons of predicted and measured removals were 
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presented. 

This work is important because it relates metal uptake 
by activated sludge to metal speciation in wastewaters and 
on the sludge. However, measurement of metal stability 
constants in media as complex and ill-defined as municipal 
sewage and sludge has the following limitations. 

(i) The measured stability constants in ligand mixtures 
are not thermodynamic constants but are the sum of the 
individual conditional constants weighted by the respective 
mole fraction of each ligand present (Crosser and Allen, 
ho7S) 2 onMacCarthy me 1lO7t)ecalle this theylaveragey stability 
eons tant .en Imspectionnof) equations 2% 5sand .2..7 ‘shows that 
stability constants can only be determined for known values 
of the ligand numbers, n and y, i.e. when the complexation 
reactions are well known. This is not the case for sewage 
or sludge. Metal complexes with one or two ligands per 
meteleatom (a .e,@Miland Mia) have been suggested as 
occurring in natural water and soil systems containing humic 
and fulvic materials (Mantoura and Riley, 1975; Stevenson, 
LO77re Tanweie die 4 lOve Seucthermore ithe method is. not 
valid for polynuclear complexes, which contain more than one 
metal atom per molecule of complex. Gardiner (1974) found 
that humic acid molecules can complex more than one cadmium 
ion which is consistent with a polymeric ligand structure 
and perhaps’ with polymerization of the complex. 

(ci \Nebowat Vor?) 5 4rohiva lid jonisyoiin terms of (integral 


values of the ligand number, n (MacCarthy and Mark, 1977). 


mo “eda stay 


Arne? [ea Re 


eos toad wt iat ¢ sontvogat a. son 


Fe AIRY 


1] 
handed, Sat Gai? © 


Ssiiaouite bieril, 


; j-at ay ile he 


r sikh tT? a, 


= 


he 
jem ‘She wit ‘aad ‘optics past 


ne it agebwenge to nes sieqemt er. 


ve west) set Gad Bie: ‘ie vi t) aan 


cite | Healt aw pauline qnelouay tog tot biLev 


Yes 


te 


; tr anesaneoe tape -vepbuta 
ofp Pate eR a, Wibedt ok! 


a+ eee geben peawasce eit ay 
ee gtrstencs sb hknaghemneite = 
ea ew sh acini eno ka tbnes Tots) 
“3 Ap pinbpet Anas fo sobs si 
hid git, (veer! Le al at 


oe _ 


~ 
a 


meter eo athe dao e106289S itt 
site a bee: fais oo ; \eredinnun tise re 2a 
aur ‘hwhags [iow sre atkos D8 


awn pire @& yes nae ‘aia ren { 


‘ova Dice PAn sade (atiten at poise 
 & 
clin (A peowine) eietsesau iy It 


Wawra aterel , «to 39° par eT OL 7 


3. Spat ne So ejeoneliGe: Seq moze fysem 
ese Nitlatteind? didi se Lu@atom blow a kent deme. 
Lasaylty) anette Fewbetsaoe al foidw- net 

ats fib noite tre yiog ry kw vegeta "Btis . . 
ot ylne Sedan er. 2. ¢ soi taupe eeny ie. i 7 


o(VYOL 218M Ang veteloeny) ¢ seed Gren h ott fo’ woatisv 


. 


L- ¥ . 
~s i 


les he 


40 


Integral values of n will be obtained for solutions of one 
or several ML complexes when all complexes have the same 
stoichiometry. For mixtures of complexes with more than one 
EY p= Of stoichiometry," integral values of n will be obtained 
only if one of the complexes is dominant (Crosser, 1975). 
The IIT group has found values of n and y to approximate 
antegerivaines tonwithin £1 302ee atVardation which was 
attributed to analytical error. 

(iii) The numerical value of Stability "constants 
depends on the ligand concentration units used (refer 
equation 2.5). The concentrations of complexing ligands in 
ehenearlier work) (Cheng et ai., 1975) were measured in terms 
of chemical oxygen demand, COD, and total organic carbon, 
LOE} (for hh) gandovollaprire Suspended solids (for S). Units 
for these measurements were mg/L, whereas the expressions 
developed require the use of molar units in order to allow 
comparison of stability constants. In the latter work 
(Beers, 1979; Hickey, 1979), ligand concentrations in sewage 
samples were converted to molar units by multiplying the TOC 
of the sewage by a value called the complexation Capacity « 
This value was obtained by titrating sewage with metal and 
was defined as the moles of metal complexing capacity per 
unit (mg) TOC. No attempt at defining or measuring S in 
molar units was made. 

2. In a second effort to quantify the metal removal 
process, Nelson et al. (1981) also measured stability 


constants and derived an expression which had the same form 
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as the Langmuir equation. They represented the reaction of 
soluble metal (free metal as well as all complexed metal 


forms), M', with unoccupied bacterial surface Sites, S, as: 


i] 
Ss 


M' + S M'S Be ee) 


The equilibrium constant, Ka, Was given as: 


LMas | 
Cc Ss 


M! 
where Cyr and led denotericoncentrationliin moles/i&, andef } 
rseiviog/ iL. 
Theetotaleconcentrabionsofsbacterialssurface, {Shs was 


equal) toa thessums ofp unoccupied, sitesw .S,; and oecupiedysites, 


» bMsS 

{ Si} = {S} + in 2 0) 
where y is the number of surface sites per unit mass of 
bacteria (moles/g). 

Equations 2.8 to 2.10 were combined to give the 
following equation: 
' yu 
ES lac ; far Dreney: 
t Sq} NaS M' 


Equation 2.11 was simplified to give the expression for 


the linear part of the isotherm where [M'] << y/K': 
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[M's] _ 
{St M' 

This expression was used to quantify the relative 
affinity of activated sludge for cadmium, copper and zinc. 
No predictive or simulation studies were undertaken. 

This method suffers from the same limitations as 
Gvscussed “for "the +work "Carried “out “at OLITS sain addition, it 
does not allow determination of the ligand number but 
assumes a M/L ratio of 1/1 in the metal-ligand complexes. 

3. The -findl “approach ‘was a toxicity study “in ‘which it 
was found that there was a positive correlation between 
copper/activated sludge ratios and free copper 
concentrations as determined by a copper ion selective 
electrode at constant pH «eraam ana Kilapwigk, 1981). The 
nitrification rate was also found to be inversely correlated 
tO mEree .COpper ;concentrations but not) to total copper 


concentrations. 


2.2 FACTORS AFFECTING METAL REMOVAL 


2.2.1 Physico-Chemical Factors 

The metal species which are present in activated sludge 
depend on the species discharged and the reactions undergone 
by metals in the sewerage system and in the treatment plant. 
Metals in solution can exist in two broad categories (Stumm 


and Brauner, 1975). They can occur in the insoluble phase as 
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precipitates and as ions attached to Particulate matter: or 
in the soluble phase as free hydrated 1OnS, Amorganic i10n 


pairs and as inorganic and organic complexes. 


2.2.1.1 Physical State of Metals 

It is obvious that metals associated with settleable 
particulate matter should be predominantly removed by 
primary sedimentation whereas removal of metals in other 
States will take place in the secondary aeration tank. Lead, 
for example, appears to be mainly associated with settleable 
suspended solids, whereas the poor removal of nickel in 
municipal treatment plants results from a combination of its 
highly soluble nature and its poor alfiinity for jactivaced 


Sludge. 


2.2.1.2 Differences between Soluble Metals 

There are essentially two broad aspects which have to 
be considered with respect to the different extents of 
uptake by activated sludge observed for different soluble 
metals. 

1. Nieboer and Richardson (1980) have suggested a 
thermodynamic classification based on the relative 
proportions of Class A or Class B character that a metal 
exhibits. This can be represented as follows for the 
divalent metals. 
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Class A metals have the following affinity sequence for 

metal-binding donor atoms in ligands: 

Ora Ne Sins 
In contrast, Class B metals exhibit the opposite preferences 
for these ligands. 

Stumm and Brauner (1975) also state that whereas 
calcium and magnesium interact with anions by electrostatic 
interactions, complexes of the other metals also involve 
covalent forces which can be more important than 
electnostatite) forces. 

2. Frausto da Silva and Williams (1976) claim that the 
amount of metal taken up is proportional to the uptake 


Racor. which asi Gefaned ac: 
Uptake factor = [M].log kK, PR) 


where [M] is the cation concentration and Kae ues the 
equilibrium constant for the uptake reaction. There do not 
appear to be large differences in log Ry values between many 
of the divalent metals for complexation reactions with any 
carboxylic ior, dicarboxylic acids (Praustoirda iSidwa and 
Williams, 1976). Hence selectivity of uptake is often based 
on relative metal concentrations. 

The affinity of activated sludge for the metals, apart 
from nickel, appears to be much greater than that of 
competing organics in municipal sewage. This preference of 
metals for activated sludge occurs largely because of the 


much higher concentrations of complexing ligands on the 
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Sludge floc (Beers,'1979; Cheng et a?., 197 S>+4hHickeye@e19o79: 
Patterson et a]., 1975). Many researchers have found the 
relative affinity of activated sludge for metals to be 
(Beers, 1979; Cheng et a]., 1975; Duggan and Pickrum, 1972s 
Guy, 1976; Hickey, 1979; Neufeld and Hermann, 1975); 

Pre Curd) 2) Zn Ni 
Nelson et a]. (1981) found that activated sludge had a 
larger affinity for zine than for copper or cadmium. 
Chromium does not apear to form Strong bonds with sludge 
(Mathys, 1979). 

The relative affinities of activated sludge for the 
divalent metals being considered thus appear to closely 
follow the classificaton of Nieboer and Richardson (1980). 
This classification can also be used as an explanation for 
the high solubility of nickel compared to the other metals. 
Nickel is known not. to readily form insoluble carbonate, 
hydroxide and phosphate complexes (Smith and Martell, 1976) 
and this is consistent with its low Class A character. It 
also forms stronger bonds with nitrogen and sulphur Groups 
in sewage than with the oxygen groups which appear to be the 
dominant complexing sites on activated sludge. 

Consideration of uptake factors can explain why uptake 
characteristics of metals can be greatly modified by the 
Presence of larger concentrafions of other metals, Gror 
exalip le wcalc iim hiesgrowonp inhibition, Or. b.sco) f-and 
Lactobacillus sp. by cadmium, nickel and zinc has been 


observed to be lowered markedly by the presence of up to 500 
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mg/L calcium, magnesium, manganese and strontium (Abelson 


and Aldous, 1950; MacLeod and Snell, 1950). 


2.2.1.3 Metal Speciation in Wastewaters 

Domestic wastewaters contain organic matter comprised 
of proteins (40 to 60% of total solids), carbohydrates (25 
to 50%), fats and oils (10%). Typical concentrations of 
individual constituents in midwest U.S.A. domestic Sewage 
are sumManezedsbn Table 2.9 (W.P.C.F., 1977).9In addition, 
Small quantities of "heavy metals" and a large number of 
Synthetic organics of varying complexities are also present 
(W.P.C.Fiewsi977)s Nituilotriacetic acid, for example, has 
been used as a detergent builder in Canada since the late 
1960's (Malaiyandi et a]., 1979). Fulvic and humic acids are 
Meturally occurring 1ll-defined organic chelators which can 
undoubtedly also be present. 

Information on specific metal compounds in municipal 
wastewaters isiessentially non-existent. Atkins and Hawley 
(1978) have presented data which demonstrate the large 
number of inorganic and organic metal compounds which are 
used in domestic products and which can therefore 
potentially occur in municipal wastewaters. It is evident 
that wastewaters can contain halogen, nitrogen and sulphur 
complexing groups in addition to oxygen ligands. 

There 1S a play-off between metal reactions in the 
wastewater and on the activated sludge because the two 


phases will compete for the soluble metals. The factors 
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Table 2.9 Typical Constituent Concentrations in Domestic 


Sewage (W.P.C.F., 1977) 


eee SSeS 


Constituent Concentration 
(may 1) 
ag Ia we i i ee a we 
Calcium 60 
Magnesium 24 
Sodium 80 
Potassium 8 
Phosphate 30 
Sulphate 80 
Silicate 26 
Chloride 100 
Bicarbonate 280 
Ammonia nitrogen 30 
Organic nitrogen 20 
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discussed in the previous section for metals uptake by 
activated sludge also determine metal Speciation in 
wastewaters. Namely, the types and concentrations of the 
metals and ligands present and Stab@iityeconstants forthe 
various metal complexation reactions are important. The 
total metal concentration does not affect metal complexation 
reactions when the ligand concentration is in excess as 
occurs in most environmental systems (Gardiner, 1974). As 
with metals uptake by activated Sludge, these reactions can 
be expected to be quite rapid because they do not usually 
involve redox changes (Stumm and Brauner, 1975). 

Speciation affects metal behavior in activated sludge 
Systems. Copper sulphate has been observed to be sorbed to 
siudge to ai much? oreatier: extent than copper cyanide 
(McDermott et al., 1963a). Funke (1975) also reported 
Similar results for copper, but found that zinc cyanide was 
more efficiently removed than zinc sulphate. Metals have 
frequently been observed to be less effectively removed as 
concentrations of organic matter or of added complexing 
agents were increased (Adams et a]., 1975; Beers, 1979: 
Gardiner, 1976; Hickey, 1979; Patterson and Minear, tO Tibke 
Pattersonveioag). S75. Salortor ete ale) S965 41S toveland 
ett aloygugs79alld97ob enS7Gcr Weeksi,ui 975) .\athese> data 
suggest that) the ratiosof uncomplexed to complexed metal is 
more relevant than total metal concentrations in considering 
treatments plantr performances. Studies: on natural waters 


Support this view. 
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The presence of complexing agents In naturab@waters can 
reduce the concentrations of free metal ions 
Mea Gin ers e 19756 Seummeangwe ida nSki 60973) trmetat 
bioavailability and precipitation are thus reduced. Jenne 
and Luoma (1977) concluded that the thermodynamic activity 
of uncomplexed ions, and not total metal GCONCENErations, 
could be the single most important factor affecting the 
biological uptake. Although further chemical reactions can 
generally only occur via the hydrated metal ion, it cannot 
be concluded that metal complexes are unreactive (Gardiner, 
OTIS). 

The relative tendency for complexation in natural 
waters and municipal sewage appears to be (Beers, 1979; 
Bendercetaale, 8970;OChatvand: Lume Shue-Chane 1974+ Gardiner, 
iS) S,RHeLZGSty a] .FOdO7 Ss; shickeyppie79° Lewin andeRowells 
NO SS Str Fanc opiy)< 

Suv > GEtSanieetecae>' an 
The above workers have reported proportions of cadmium, 
nickel and zinc present as the free metal ion to be 16 to 
65% whereas less than 1% of chromium, copper and lead are 
normally present in the uncomplexed form. Complexation of 
cadmium, copper, nickel and zinc is believed to be primarily 
with organic ligands whereas chromium and lead form 
inorganic complexes most readily. Humic acids have been 
suggested as theymajor class’ of organic!) ligands in natural 


waters (Gardiner, 1974; Lewin and Rowell, 1973). 
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Another effect of complexation is to increase metal 
solubilities. Metal solubilities in ligand-containing 
Samples are given by the sum of the concentrations of the 
free metal ion, soluble hydroxy species and of the various 
soluble metal complexes present (Stumm and Bilinski, 1973). 
Cadmium, copper, nickel and zinc are considerably more 
Soluble in treated and untreated wastewaters than in Gap con 
distilled water. Their solubilities in raw sewage have been 
calculated to be greater than could be accounted for by 
consideration of intrinsic carbonate, hydroxide and chloride 
metal salt solubilities (Patterson et @/]., 1975). The 
SOlubilities of copper and nickel have been reported to be 
more strongly influenced by the concentration of soluble 
Organic matter (as COD) than those of lead and zinc. Cadmium 
and chromium(VI) solubilities appeared to be independent of 
COD (Stoveland and Lester, 1980). Stoveland et a]. (1979c) 
hypothesized that heavy metal loading to the activated 
sludge tae nuatnom tank camibe increased as ai iresult of metal 
eomplexatl On iwait hope onwinathance, nitrilotriacetic acid, 
prior to secondary treatment. Continuous and shock loadings 
of sodium tripolyphosphate, on the-other hand, resulted in 
decreased solubilities of cadmium, chromium, copper, lead, 
nickel and wince Stove wand etsails. 61 979b 401 979C)ce "The 
decreased solubilities were thought to be a consequence of 
the rapid hydrolysis of the tripolyphosphates to the 
relatively insoluble orthophosphates followed by their 


precipitation. Dugan and Pickrum (1972)*also reported that 
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metals removal by Zooglo€a sp. was greatly enhanced when 
cells were washed by phosphate buffer because of the 
formation of insoluble metal phosphates. 

The presence of synthetic complexing agents, such as 
the multidentate chelators ethylenediaminetetraacetic acid 
(EDTA) and NTA, can result in poor removal efficiencies of 
metals which are normally efficiently removed. Calculations 
have shown that EDTA, at concentrations which were found in 
sewage samples, would complex most of the trace metals to a 
Significant extent (Gardiner, 1976). EDTA and NTA both form 
Stronger complexes with metals than sludge or natural 
Organics such as citrate, oxalate, amino acids, humic acids 
anc LannvevacLase(Ghengten ale, BiSPSpiGardwnera W976; ‘Guy, 
T2763 Mathys) 1979). UThe affinwtyroreRDTAl for variouseimetals 
decreases in the order (Laitinen and Harris, 1975; Mathys, 
1979); 

HG) >46ut 2aNn1s Sebo 2m sesCresecd 
Snoeyink and Jenkins (1980) present the following stability 
order for metal-NTA complexes: 

Cuvse Pps 2aNi Shah 

Warren (1974), however, found that NTA forms stronger 
complexes with cadmium, copper, mercury, nickel and zinc 
than with lead. These discrepancies cannot be explained 
without knowledge of experimental conditions such as pH and 


the presence of competing cations. 
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2.2.1.4 Oxidation State 

Redox potentials range from -0.300 to +0.100 V for 
primary tank influents and from +0.10 to +0.540 V for 
activated sludge aeration tanks (Given ,ai973+oW.PSClLE.e 
1977). Inspection of standard electrode potentials (Cotton 
and Wilkinson, 1967; Laitinen and Harris, 1975) Suggests 
that mercury can probably be present in raw sewage as the 
reduced elemental form, cadmium, nickel and zine are 
probably present in the divalent oxidation states and 
chromium likely exists as chromium(III). Copper and lead may 
be able to exist in the elemental or divalent oxidation 
states > dependings ony lo¢alScondataons: 

Elemental metal forms are probably removed by 
enmeshment in the sludge. Trivalent chromium, which in 
contrast to the other metals being considered does not 
undergo rapid complexation with organics (Cotton and 
Wilkinson, 1967), is readily hydrolysed to the insoluble 
oxide in neutral or mildly alkaline solutions such as 
municipal sewage (Bailey et a]., 1970; Cheremisinoff and 
Habib, 1972). Trivalent chromium is removed by activated 
Sludge to a much greater extent than chromium(VI1) (ingols, 
1954; Lamb and Tollefson, 1973; Stoveland and Lester, 1980). 

Different valence states of the same metals may have 
different mechanisms of binding to sludge. Ogiwara and 
Kubota (1969) postulated that iron(II) combined with 
cellulose by forming weak ionic bonds with the carboxyl 


groups whereas iron(III) bonded by chelation. 
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2.2.1.5 Dissolved Oxygen Concentration 

The oxidation state of metals is partially influenced 
by the dissolved oxygen concentration of the SEwadgewel tis 
desirable to maintain activated Sludge aeration tanks at 
minimum dissolved oxygen levels of 1 to 2 mg/L to prevent 
septic conditions (Metcalf and Eddy, 1979). Given (1973) 
Stated that sewage becomes septic at redox potentials of 0 
BOTs OL evs 

Under anaerobic conditions, which can occur in "dead 
spots" of aeration tanks, cadmium, copper, lead, mercury, 
Mickel “and Zinc ican be precipitated as Sulphides (Hao, 1978; 
Lawrence and McCarty, 1965). Hexavalent chromium is also 
readily reduced to chromium(III) by sulphydryl radicals 
(Ingols, 954). Conversely” chromium(Ilil) has been found to 
be oxidised only slowly to chromium(VI) by oxygen in natural 
waters (Schroeder and Lee, 1975). Insoluble influent metal 
salts such aS copper sulphide have also been reported to be 
oxidised to soluble salts in aeration tanks (Barth, 1975). 

Bacteria have been reported to be both able and unable 
to break down extracellular polymers under aerobic 
conditions (Obayashi and Gaudy, 1973; Wilkinson, 1958). 
Novak et al. (1977) observed that an anaerobic period of 
less than 24 hours caused polymer degradation. An aeration 
period of more than two or three hours was then required for 
the polymer content to increase. These results imply that 
metals can be released from sludge under anaerobic, and 


perhaps also under aerobic, conditions by bacterial 
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degradation of extracellular polymers. 


2201.6 (pe 

The hydrogen ion activity strongly influences 
complexation, adsorption and precipitation reactions 
undergone by metals. These effects have been reviewed by 
Cheng (1973) Frausto' da Silva an@ Williams (S76) Stumm 
and Bilinski (1973) and Van den Berg (1979). 


Consider the following reaction: 


ROH + H,O0 == RO- + H;0* 2a14 


where RO” can be a binding site for metal cations. 

PHeCan attect chis seaction. ace follows: 

1. Low pH values tend to reduce the degree of ligand 
dissociation, which consequently results in decreased 
adsorption and complexation. At a pH of 7, ligands such as 
carboxyl and phosphate will be favoured for cation uptake 
because they have pKa values which are considerably less 
whan. 

2. Protons can compete with metal cations at low pH 
values for binding sites in the sewage and on the floc. This 
affects conditional stability constants and occurs when the 
PH is smaller than one or more of the pKa values of 
complexing ligands. 

3. When the pH is increased to a level at which other 
complexing anions can no longer successfully compete with 


the hydroxide ions present, metals will precipitate as 
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hydroxides. 

A slight pH dependence of metal uptake either indicates 
that ligands are largely unprotonated in the PH range being 
studied or more likely that they are strong complexing 
agents which are relatively unaffected by PH changes 
(Gardiner, 1974). 

Higher pH values can generally cause both increased 
metal uptake by activated sludge and increased metal 
Solubilities due to increased complexation reactions in 
sewage, up to the pH value at which precipitation of metal 
hydroxides occurs (Beers, 1979; Gardiner, 1974: 

Hickey, 1979; Nelson et a]., 1981: Patterson et Syke Ne Tew oe 
It appears that changes in pH have a smaller effect on 
copper than on the other metals being considered. The 
optimum pH range for metal removal by activated Sludge seems 
to be from 7 to 9, which encompasses the normal treatment 
operating pH range. Nelson et al]. (1981) found that the 
maximum uptake of copper by activated Sludge occurred near 
PH 7 whereas the uptakes for cadmium and zinc increased 


Steadily from pH 6 to 9. 


2.2.1.7 Temperature 
Thewetfectwoll temperature! Teeoneacida dissociation 
constants, Ka, 1S given by the Van't Hoff equation (Cole and 
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where q 1s the heat absorbed per mole of reaction and R is 
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the gas constant. 

A temperature change from 0 to 50°C has very small 
effects on the dissociation constants of ammonia, acetic 
acid and phosphoric acid (Laitinen and Hargis }e41975))on Van 
den Berg (1979) calculated that large increases in 
temperature caused small decreases in both acid dissociation 
and stability constants for complexation of copper with 
glycine and NTA. He concluded, however, that these 
variations. can partially or completely cancel each other 
when conditional stability constants are calculated. 

It is also known that the effect of temperature on 
metal precipitation is complicated (Laitinen and 


Herr wel 1.9075). 


2.2.1.8 Ionic Strength 

ine reasingulohic strengthsacan potentially decrease the 
activities of ions; suppress,.the.so-called double layer 
around large ionized organic molecules and colloidal 
particles and cause changes in ligand configurations. 

The effect of ionic strength depends on the mechanism 
of cation uptake. It can be expected to have a considerably 
larger ,effect.for ion exchange than.for.a complexation 
mechanism because in the former mechanism the background 
electrolyte will compete with the cation of interest for 
exchange with the cation exchanger. Ion-pair formation can 
also be a problem at high ionic strengths because of the 


decreased activity of metal ions. This effect, however, is 
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probably unimportant in municipal sewage where the dissolved 
Salt concentration is typically less than 0.01 MAUWEREC JF, 
Jofvos Thea workyoteSchuber te (0952 )windicatedathatsionic 
strength only affected the activities of the individual 
metal and ligand ions. 

Reductions in ionic strength to values approaching zero 
have been found to cause increases in concentration acid 
dissociation constants of organic ligands and the occurrence 
of mixed or polynuclear complexes and to decrease 
conditional stability constants of metal complexes 
(Coleman et a@]., 1956: Schnitzer and Hansen, 1970; 


sehubert »vd952seStevensony 61976, 1977) 


2.2.1.9 Mixed Liquor Concentration 

It 18 usually accepted that metal uptake by activated 
Sludge increases with increasing mixed liquor solids (Cheng 
Cll ail ey 1975) Stent tang Bestemel96 leeStovelana and 
Lester, 1980).sSolids concentration in the aeration tanks 
can be controlled by varying the mean cell residence time, 
6d. Sterritt and Lester (1981) found that nickel removal, 
which was poor, was unaffected by 6d and that optimum 
removal for the other metals occurred at 6d values of 12 to 


15 days. 


2.2.1.10 Bacterial Physiological State 
Bacterial extracellular polymer production increases as 
6d increases (Uloth and Mavinic, 1977). Increased removal 


efficiencies of metals can therefore be expected for older 
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bacterial cultures (Friedman and Dugany: «i968 >) Nelsonet- aij., 
Reo ivacWe Lrensom, qO5e)e)iNelison ‘et alan (wi Sumesf ound that 
copper uptake by activated sludge was only marginally 
affected by increasing 6d values compared to cadmium and 
zinc. Furthermore, the concentration of soluble 
extracellular polymers decreases with increasing 6d values 
(Saunders, 1975), so fewer competing metal complexation 
reactions may occur in the sewage itself. 

It has also been reported that activated Sludge grown 
under phosphorus-limited conditions adsorbed cadmium more 
readily than sludge grown under normal conditions. The 
reason given was that increased amounts of extracellular 
polymer were produced under mut ent qdeaimib enc. iconditdions:, 
This trend was, however, not observed for copper (Casey and 


Wu el 97:8))s. 


2.3 METHODS FOR METAL SPECIATION 

The term "Speciation" has sometimes been used to refer 
only to kinetically inert species present in aqueous 
Samples. This type of speciation is accomplished by 
techniques such as filtration, solvent extraction, 
chromatography and some ion exchange methods. These 
techniques distinguish only between species that are not 
capable of rapid interconversion with one another: all 
interconverting kinetically labile species appear together 


as 7One “Species (jin other reports Speciation is used in a 
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broader sense to also differentiate between labile species. 
Methods used to determine labile species have included ion 
selective electrodes, ion exchange, voltammetry and anodic 
Stripping. These methods must not perturb the positrons of 
metal equilibria in the sample or must be able to correct 
for any perturbation caused by the analytical method. Six 
methods have been used for most metal Speciation studies in 


environmental aqueous systems. 


2.3.1 Calculation Method 

Metals and ligands in natural waters participate in an 
interrelated network of chemical interactions (Stumm and 
Brauner, 1975) .“Caleuleation methods consequently require the 
Simultaneous solution of appropriate mass action law and 
mass balance equations using pertinent total metal 
concentrations; concentrations of complexing ligands and 
Stability constants of metal complexes. Computer models have 
been used to calculate equilibrium concentrations of metal 
Species between aqueous and solid phases in the presence of 
inorganic and organic ligands (Florence and Batley, 1976; 
Morel and Morgan, 1972; Vuceta and-Morgan, 1978). 

This approach suffers from the following limitations 
(Florence and Batley, 1977; Gardiner, 1975). 

1. Available knowledge on the nature and concentrations 
of naturally occurring metal-complexing ligands is often 


inadequate or unobtainable. 
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2. Relevant stability constant data are frequently not 
sufficiently precise or are not available. 

3. Very little is known about metal-binding abilities 
of inorganic and organic colloidal particles. 

4, It is frequently impossible to confirm computational 
results by direct measurement, particularly at low metal 


eoncentrations. 


2.3.2 Size Separation Methods 

EV ltratiom through 0.45 Hm membrane filters is 
frequently used to separate metals in the dissolved and 
particulate phases. This type of filtration, however, is 
based on an operational definition of SOtubD ity. Guy, end 
Chakrabarti (1975) have presented data to show that free 
metal ions, humic substances and colloidal species can pass 
through 0.45 pit tecs. 

More information is obtained with the use of 
ultrafiltration and dialysis techniques. These physical 
separation methods have been widely used in natural water 
and wastewater studies (Benes and Steinnes, i) Ge ee -o) Chen 
CL ai., 1974) Gjessing, 1970, Hoftmann ef ai. ~s19S1.. Laxen 
and Harrison, 1981). 

The following problems have been found with the use of 
Filtration and dialysis methods. 

1. Contamination may arise with filtration or dialysis 
media (Benes and Steinnes, 1974; Florence and Batley, 1977; 


Marvin et a/]., 1970; Smith, 1976). 
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2. Filters may clog and leak (Demayo et al., ¥7e: 
Hoffmann et a/]., 1981). 

3. Metal species may adsorb onto the large surface 
areas of the channels in filters and ultrafilters (Benes and 
Steinnes, 1974; Guy and Chakrabarti, 1975: Marvin et ain 
1970). Furthermore, Benes and Steinnes (1974) pointed out 
that adsorption may disturb metal-ligand equilibria because 
different forms of metals are usually adsorbed to different 
Gxtent's . 

4. Equilibration times for the dialysis of cationic and 
neutral metal species are considerably faster than for 
anionic species, probably because the latter are repulsed by 
the negatively charged dialysis membranes (Benes and 
Steinnes, 1974). Neutral species and anionic Species were 
found to equilibrate in two and seven days respectively. Guy 
and Chakrabarti (1975) found equilibration times of 24 and 
60 hours for Cu-humic acid and (Cu-EDTA)?~- respectively. 

5. The assumption that free metal concentrations inside 
and outside dialysis bags are equal may not be correct and 
can slead to serious error (Guy and Chakrabarti} 1975). 

Guy and Chakrabarti (1975) claimed that ultrafiltration 
is preferred to dialysis and anodic stripping voltammetry 
for metal speciation studies. It has, however, also been 
stated chhat-sizetcutokisaim ultrafiltration bare tnomenal and 
imprecise (Benes and Steinnes, 1974; Hoffmann et a]., 1981). 

Gel chromatography has been used to study metal-organic 


ligand associations in sewage and sewage sludges (Baham 
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et-al., 1978; Bender et al., 1970: Rossin et ain we e2s) Tan 
et al., 1971). These studies concluded that various metals 
are associated with particular molecular weight fractions, 
but did not generally give specific information regarding 
types of metal complexes and bonding. 

Mantoura and Riley (1975) used gel chromatography to 
determine stability constants of copper, nickel and «zinc 
complexes with humic acids. This is a dynamic equilibrium 
method to differentiate species which are kinetically inert 
or kinetically labile species for which the equilibrium 
positions are not finely balanced between the free metal ion 


and the complexes (Gardiner, 1975). 


2.3.3 Solvent Extraction and Specific Chemical Methods 

There appears to have been only limited apphacataon) of 
solvent extraction for metal speciation studies in natural 
waters. Slowey et a]. (1967) used chloroform extraction of 
seawater to separate ionic from non-ionic forms of copper, 
and Stiff (1971) used hexanol to separate copper associated 
with humic substances. Solvent extraction has been 
criticised for the following reasons (De Mayo et al., 1978; 
Florence and Batley, 1977). 

1. It probably provides incomplete extraction for 
Organically-bound metal and for metal attached to organic 
colloidal particles. 

2. Some of the metal on inorganic colloids may be 


extracted because these colloids tend to accumulate at the 
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Organic-water interphase. 

3. Solvent extraction results can vary with the 
concentration of suspended solids. 

ceOAteiuse noe known what forms of metals are extracted. 

Chemical methods have often involved the formation of 
metal-chelate complexes and selectivity is achieved by pH 
control and by the use of masking agents. Sivamye1964))" has 
described the use of many chelating agents. The use of 
diphenylthiocarbazone (dithizone) and diethyldithio- 
Carbamates appear to have been most widespread in studies of 
natural waters (Corcoran and Alexander, 1964: Foster and 
Morens ,enovicerukai Stwala «19758 Williams, 1969). These 
Studies have usually involved the formation of metal-chelate 
complexes before and after oxidation with perchloric .acaa- 
persulfate: or ultra-violet digestion to assess the fraction 
of organically-bound metal. Other applications have been the 
use of neocuproine for copper speciation studies (Alexander 
andy Corcoran, 1967-0Stift, 1971)- and the use of 
3~propyl-5-hydroxy-5-D-arabino-tetrahydroxybutyl-3- 
thiazolidine-2-thione (PHTTT) to determine copper bound by 
very. Stablevicyanide=idake’yligands -—(StiEtm 1974). 

Gardiner (1975) claims that at very low metal 
concentrations the extent of extraction using chelates can 
become non-quantitative. Furthermore, these methods can 
alter the position of metal equilibria in the natural 
Samples. Kamp-Nielsen (1972) has calculated that copper 


complexes with stability constants less than 102° will be 
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decomposed by diethyldithiocarbamate and will be measured as 


LOn.Uc Scoppe nt 


2.3.4 Voltammetry 

The various polarographic methods can be used to 
determine about 20 metals which include cadmium, copper, 
lead, mercury, nickel and zinc (Peterson and Wong, 1981: 
Stumm and Brauner, 1975; Wang, 1982). Conventional 
polarography only gives reliable data at concentrations 
Greater than about 10°5 M (Laitinen, 1975: Stumm and 
Brauner; :1975), whichtis Highersthan®those normally measured 
in the environment. Sample concentration is not recommended 
because perturbation of metal equilibria may result (Ernst 
et al., 1975). The use of pulse polarography, however, can 
increase detection limits by one or two orders of magnitude 
(Laitinen, 1975) and detection limits for anodic Stripping 
voltammetry can be as low as 10-° or 10°'° M (Peterson and 
Wong, 1981; Smith and Redmond, 1971; Stumm and Brauner, 
1975). Anodic stripping has been found to be precise. Chau 
and Lum-Shue-Chan (1974) found relative standard deviations 
of 1.6 to 10% for the analysis of lakewater containing 5.0 
tO 245 tpspube olbeadm@umpecoppery Léadtand?zinc? Other 
features which have contributed to making anodic stripping 
voltammetry the most widely used analytical tool in metal 
Speciation studies include its relatively modest cost, its 
Simultaneous multi-element ability, the minimum sample 


pretreatment required, the small sample volume requirements 
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and its abilety' to provide information on metal Speciation 
(Blutstein and Smith, 1978: Peterson and Wong, 1981; Stumm 
and Brauner, 1975; Wang, 1982). 

Anodic stripping voltammetry separates metal species on 
the basis of electrochemical "lability" *rather@than onthe 
DacterormsrabiipeyPéonstant st (AlvenvetealGablo7Ee yt LAB DE 
Species are soméwhat arbitrarily-defined-as those which 
dissociate at a rate greater than the reduction or plating 
rate (Lewin and Rowell, 1973). 

Electroactive free metal and "labile" species (Guy and 
Chakrabarti, 1975) metal species have been measured in 
natural waters without sample digestion (Ariel and Eisner, 
ICS; EF Dorencepeso (2GRHOk fmanneerea)« : 123 1% "OF Shea sand 
Mancy, 1978; Smith and Redmond, 1971; Wang ana AcpeD, St97B Pi 
Anodic stripping voltammetry measurements made before and 
after sample digestion have differentiated between 
electroactive and "non-labile" or electroinactive (organic 
complexes plus colloidal species (Guy and Chakrabarti, 
1975)) metal fractions in natural waters (Allen et al., 
1970; Batley and Florence, 1976: Blutstein and SmmtherTo7s- 
Chau and Lum-Shue-Chan, 1974; Laxen and Harrison, 1981) and 
in treated municipal sewage (Lewin and Rowell, 1973). Shuman 
and Michael (1978) used the rotating dise electrode with 
which the extent of reduction of "non-labile" complexes 
could be controlled by varying the rate of rotation of the 
electrode. They claimed to be able to differentiate between 


"labile" and "non-labile" complexes without the need for 
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chemical digestion. 

Differentiation between free metal ions and "labile" 
metal complexes can theoretically be made from shifts in 
peak positions towards more cathodic potentials (Stumm and 
Brauner, 1975; Wang, 1982) provided that the rate of complex 
formation is greater than the rate of oxidation or strapping 
from the electrode (Guy and Chakrabarti, 1975" eLewineand 
Roweddei973). 

Anomalous anodic stripping results can be obtained for 
the following reasons. 

1. The analytical procedure involves the addition of a 
Supporting electrolyte such as acetate and lowering the 
Satplegpuitoylessithanwh. Skogerbeeeetual..1(1880)tclaim that 
these requirements may alter the types and concentrations of 
metal species from those originally present in the Sample. 

2. It is desirable when measuring free metal ions that 
metal complexes be non-reducible at the mercury electrode 
(Tuschull and Brezonik, 1981). The plating step lowers the 
metal concentration in the vicinity of the electrode and may 
consequently alter the overall position of metal-ligand 
equilibria with the result that the measured free metal ion 
concentration is too high (Hanck and Dillard, 1977; Shuman 
and Michael, 1978). Metal-carbonate and hydroxide complexes 
are electrochemically indistinguishable from free metal ions 
(Allen et a]., 1976), and metal-EDTA complexes are 
electrochemically labile (Hanck and Dillard, 1977: Shuman 


and Woodward, 1973; Tuschall and Brezonik, 1981). Free metal 
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ion concentrations can only be determined in the presence of 
tiles epaltegands iffsliganduconcentrataons, as oweliwas ‘the 
pertinent ligand dissociation and metal formation constants 
are wccurately knowni«(Bhat-.et a/., 19S Mee Harty, 21964 Shuman 
and Cromer, 1979). 

3. Intermetallic compounds can be formed in the mercury 
Ofethin film mercury electrodes.-Florenee (1972) found that 
the stripping peak for zinc was depressed by the presence of 
copper and nickel in acetate buffer and that cadmium peaks 
were depressed by copper in citrate buffer. Formation of 
Zinc-chromium, nickel-chromium and nickel-mercury 
intermetallic compounds has also been Suspected (Smith and 
Redmond, 1971). This type of interference is rarely a 
problem with hanging mercury drop electrodes (Ariel and 
Elsner, 1963; Chau and Lum-Shue-Chan, 1974: Peterson and 
Wong, 1981). 

4. Overlapping peaks may prevent reliable detection. 
Zinc and nickel have been observed to have the same peak 
current potentials with zinc masking the nickel which had a 
cumrent isensutivityier) only 7% compared to that of zinc. 
Copper, nickel and vanadium also appeared to have the same 
potentials (Smith and Redmond, 1971). These authors claimed 
that cadmium and lead were least affected and used the 
Standard addition technique to overcome this problem. Ariel 
and Eisner (1963) used different supporting electrolytes to 


check for this type of interference. 


“ ) ae A U4 Ane 4 


ig soneesyd. sa7 contarsdet on. y its neo 1 
ais e«. i lew ee ewpespienesaen paaibiade : 
s:q9oc%nee2 fets bere, Teese Bas PEseeeremre Sree 
wou? -bhe?. ,dset) 7.08 ee 13° roe nvoca. 
~ RT Ga 

ain ad! 2 baie? St ee eeeeaaes siilargnrsante’ 
brit ST4 regi) .aekey roete cates mii 
/o4 beens Ta gee; othe vel dace patqge 


{ ‘| 7 7 - > 
40 wulebs> -s32 toe tePiteeetatere af (etpin Sear 


.¢ sjapehe et seqqoa vd beadenqel ae 


\ 
i 


op 3s ” Onn spatdne Latske winoidoroe 
ling, otis ert 2braegmen ofthe 
shisand, to Syd eldto ti teh aae 
isgis. 7942 yrJvie@ © Sant aebwon 
4 42 sf >a 08 1 Bers vedo etedbacs 
i ia \  Ofae) jes 
,poituezebh sladaites tIosoety Yon eioed Gatqgarrere whe 


ica amce sat evad gc Beereete” ngetierad fegoin S7e%ons 


Sad Jaitw--l4eiotarand = 41 isp nig dite eloeisasicg $01 
io Jéd> 35, bosngaen ah Mite to ysiveliones snot 
chee ai enen oy Sercadih- cxle aiibensy Sad lassie pra 
beisirels 436scun aaorhy sl hae Sncanbrah Gee Azimn2) -siattasIcg 
saz fea rs. Sal vesRes ee ees ore seel bra avinbdses sats 
Seed bene nift+ atten $ave-cd hibited noisibis bishnsse 
8) esseloricscia on ionegges ‘seseet bit batty 16221) taczis brs 
.garatsice?)! Yo sgyt afta a6? Aved> 
oie” 
_s 


a ’ 
ple 


6 5 | ‘ 
7 f 


68 


5. Dissolved organic matter can become adsorbed onto 
the mercury surface causing changes in the ever Sub iin ty or 
electrode reactions (Stumm and BVeUnom en S75) Maka reces on 
voltammograms include depression of diffusion currents, wave 
shifts to more cathodic potentials and multiple waves 
(Schmid and Reilley, 1958). Ligands such as tannic acid, 
humic acid, gelatin and cysteine can have serious effects 
eaunsiiet aii7,).1S7Snicuyirand Chakr abartnb-. 119 7) 

6. The reproducible condition of the electrode from one 
analysis to the next is imperative. This is a pawtveuwl ar 
problem with thin layer mercury electrodes. Variations in 
the surface of these types of electrodes have been 
responsible for similar shifts in peak postions to those 
caused by complex formation (Gardiner, 1975: Hume and 
Canter, akGz2)teHumesande Carterenito7 Daeiliso Pounds the 
occasional appearance of uninterpretable double peaks. 

Other interferences have been caused by cyanide (Chau 
and Lum-Shue-Chan, 1974) and by charged colloids which can 
interact with electrode surfaces (Blutstein ana Smiteh 1978. 


Brezonik et al]., 1976). 


2.3.5 Ion Selective Electrodes 

The use of ion selective electrodes has been popular 
because of their relatively low cost and because they are 
believed to respond only to free (uncomplexed) metal ions 
(Gardiner, 1975). Recently, however, it has been claimed 


that the copper electrode also responds to hydroxide and 
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bicarbonate copper species in basic solutions (Wagemann, 
1980). Measured cupric ion activities were found to be too 
high by factors of 10 and 40 at pH values 8.3 and 9.0 
respectively. 

A limitation of these electrodes is that they can only 
be used to determine the following few "heavy" metals: 
cadmium, copper, lead, mercury, silver and zinc (Orion 
Research, 1977). Furthermore, they generally do not show 
Nernstian response below 10°* M (Blaedel and Dinwiddie, 
1974; Gardiner, 1974; Stiff, 1971), which often causes them 
to be unsuitable for environmental studies. Jasinski et a). 
(1974), however, found linear Nernstian response for the 
copper electrode in seawater down to 10-® M (0.0006 mg/L). 
Smith and Manahan (1973) used standard addition together 
with an acetate-fluoride complexing buffer to measure 5 x 
10°* M (0.003 mg/L) copper in natural water samples. 
Response times for steady state potentials to be obtained at 
environmental metal concentrations are typically at least 
ten minutes (Blaedel and Dinwiddie, 1974; Jasinski et Giles 
1974; Florence and Batley, 1977). 

The use of ion selective electrodes requires that 
Sample measurements be compared to measurements made in 
Standard solutions of the same constituents and ionic 
Strength eThe tchoicetobidlectirolyte can! alter the 
sensitivity. Stiff (1971) reported Nernstian response of the 
copper electrode down to 10°* M and 10°-* M for solutions 


prepared in potassium nitrate and nitric acid (both at 
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5 x 10°* M) respectively. 

Ligands and some metals are known to shift equilibrium 
potentials to new values because of interaction in the 
membrane double layer region (Hansen et a]., 1972). Silver 
and EDTA, for example, have been found to interfere with 
copper electrodes (Blaedel and Dinwiddie, 1974: Jasinski 
et al., 1974) and copper can contaminate cadmium electrodes 
WGardiner, 1974). Bresnahan et a}. (1978) ana Buttle etal. 
(1977), however, found no evidence for edsSOrption Of water 
and soil fulvic and humic acids onto electrode membranes. 
The equilibration of the electrode with the bulk solution 
causes metal from solution to be adsorbed onto the electrode 
Surface. This adsorption lowers the metal concentration in 
Solution and invalidates repeated measurements in samples 
containing low metal concentrations. Adsorbed metal on the 
electrode has also been found to affect electrode reponses 


(Blaedel and Dinwiddie, 1974). 


2.3.6 Ion Exchange 

Strong cation exchangers have been found to only 
partially remove trace metals from seawater. Even 
electrochemically labile metals were not completely removed, 
and with the exception of copper, bound metals were only 
removed to a small extent (Florence and Batley, 1976). 
Cation resins have been included in various chemical and 
Size fractionation metal speciation schemes to differentiate 


metals which are very strongly complexed by soluble or 
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colloidal ligands from other metal forms (Batley and 
Florence, 1976; Benes and Steinnes, 1975* Hart and Davies, 
1979; Laxen and Harrison, 1981). 

The use of the Schubert ion exchange method for the 
determination of stability constants has been discussed in 
Section 2.1.4.2. Although stability constant measurements 
require several assumptions that are tenuous when dealing 
with ill-defined samples, the use of the method to measure 
free metal concentrations (refer equation 2.3) can be made 
without any assumptions about the number and types of 
complexes formed. Furthermore, this method is independent of 
the units used to express ligand concentration (Crosser and 
ellen, i978; MacCarthy and Mark, 1977). Beers (1979) ana 
Hickey (1979) used equation 2.3 in their speciation studies 
of municipal sewage. Free metal ion and complexed metal 
concentrations in the: parts per billion range were 
calculated. They did not, however, take account of the 
possible perturbation of metal-ligand equilibria which can 
occur when the Schubert method is used in the batch mode. 
Van den Berg and Kramer (1979) used very small amounts of a 
weak cation exchanger (manganese dioxide) in natural water 
Studies in order to prevent perturbation. 

Achilles et a]. (1977) developed an equilibration 
batch-mode cation exchange method for the measurement of 
free magnesium in biological fluids. This method employed a 
low capacity ion exchange plug, used 1 mL sample volumes, 


and in contrast to the Schubert method, did not require the 
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addition of excess electrolyte. Free magnesium 
concentrations were obtained from calibration curves of 
magnesium on resin versus free magnesium uSing standard 
Solutions at the ionic strengths of Samples being measured, 
A disadvantage of this method was the large influence of 
other cations, the concentrations of which were required £0 
be accurately known. The extent of perturbation was 
calculated from a knowledge of total magnesium and ligand 
concentrations. 

Batch ion exchange methods have been used to measure 
free calcium and magnesium in milk (Richardson et a)., 1974: 
Van Kreveld and Van Minnen, 1955). This method also did not 
require addition of excess electrolyte. Perturbation of 
equilibria was prevented by equil phratingeresinewhthemilk 
after the same resin had been equilibrated with a standard 
solution containing the same concentration of potassium, 
sodium, calcium or magnesium as the milk Sample. The small 
difference in calcium or magnesium on the resin between the 
Standard and milk samples enabled free calcium and magnesium 
to be determined using simultaneous equations. 

Flow through column or successive batch equilibration 
ion exchange methods have also been used in the dairy 
industry (Belec and Jenness, 1963; Christianson et al., 
1954; Muldoon and Liska, 1969; Pearce and Creamer, 1974). 
These methods offer the advantage that the resin is brought 
to equilibrium with the unperturbed initial sample solution. 


However, because no excess electrolyte was added, these 
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methods also rely on standard solutions containing the same 
concentrations of potassium, sodium, calcium or magneSium as 
Lheymiiktisamphesn Chri stdansondetead. ¢ 19549 recognized that 
they did not know the sample ionic strengths exactly and 
consequently claimed to be measuring "apparent ion 
concentrations". 

The methods described for use with biovogi cain fluids 
and milk are complex and not amenable to rapi dyroutdne- use’. 
Furthermore, they were not used under trace conditions: 
calcium and magnesium concentrations of 5 x 107+ Meit 0g 721 ix 
10°° M were measured. 

Cation exchange methods exhibit some distinct 
advantages compared with other labile species-specific 
techniques such as ion selective electrodes or anodic 
stripping voltammetry. 

1. They can be applied to the speciation of many 
different metals. 

2. They are suitable at very low concentrations (e.g. 
OFC ULO hOakoM Gandemuch) Power) iftradiotracers: ares tised) . 

3. They are less subject to interference from other 
metalssan sodution. 

4. They are free from adsorption interferences by 
onganicomatter! (Allen Petaale ,« 11976)s 

Dheyriamey, however, -only strictly applicable tomthe 
study of uncharged or negatively charged complexes as 
positively charged complexes may be sorbed by the ion 


exchanger in addition to free metal ions. 
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2.3.7 Other Methods 

The two oxidation states of chromium (Cr(I11) and 
Cr(VI)) have been distinguished because Cr(III) is 
quantitatively co-precipitated on ferric hydroxide whereas 
the hexavalent state shows little EGNGENCY “tO 'CO-Precipitate 
(Chuecas and Riley, 1966; Jan and Young.) 1976) > Another 
method has used the selective chemiluminescence reaction 
with lophine which is undergone by Cr(VI) and not by eer Ciiie) 
(Marino and Tnagle, 719899% 

Indicator dyes have been used to determine free calcium 
and magneSium ion concentrations (Ashley and Campbell, 1979; 
Brinley et al., 1977: Fulton and HraLrochiviles (960° Tsien, 
7980) > 

Various types of chromatography have been interfaced 
with specific metal detectors in the study of metal-organic 
ligand interactions. Atomic absorption Spectrophotometers 
have been used with gas chromatography to study lead 
compounds (Chau et a]., 1976; Coker, 1975; Segar, 1974) and 
mercury compounds (Gonzales and Ross, 1972; Longbottom, 
1972) “ana@with@biquiad chromatography in the study of copper 
compounds (Manahan and Jones, 1973). Direct current argon 
plasma emission (Uden et a/]., 1978) and atomic fluorescence 
(Van Loon et a/]., 1977) have also been used as detectors for 


chromatography. 
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2.4 MEASUREMENT OF METAL-COMPLEXING LIGANDS 

The limited value of total organic carbon as a measure 
of organic compounds in natural waters has been recognized 
for some years (Cantillo and Segar, 1975). Only partial 
success has been achieved in the determination of Specific 
organics for several reasons. 

1. Separation procedures can exclude some metal sorganic 
compounds, 

2. The use of chromatography often involves detection 
with non-specific detectors. 

3. Natural waters and wastewaters are of such 
complexity thattertitis @iighly, undikely that ial) 
metal-organics can be quantitatively determined. 

Hence, methods for measuring metal-complexing ligands 
Should not be specific for any one ligand unless it is known 
that it is predominantly responsible for the metal 
complexation and suitable analytical techniques are 
averlabletfor the Wiigand rof interest. 

The most widely used method for measuring so-called 
"netal complexation capacities" (Allen et @].,21970) or 
"equivalent ligand concentrations" (Crosser and Allen, 1978) 
has been to titrate sample aliquots with the metal of 
interest. The response of the "probe" (e.g. ASV, cation 
exchanger, ion selective electrodes) to free metal ions is 
plottedvas a function of total metal «concentration or 
concentration of metal added. Metal titration curves have 


been discussed by Fulton and Kratochvil (1980), Lewin and 
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Rowell (1973) and Shuman and Woodward (1977). Addition of 
metal may displace other metals from their complexes or it 
may be taken up by non-metal CONtatnamamligands,. The 
titration curve shows a sudden increase in Slope and becomes 
linear when all the metal-complexing ligands have been 
consumed. The breakpoint represents the maximum 
concentration of metal that can be bound by, Iocends an. the 
Sample at the pH used, in other words, the metal complexing 
Capacity. 

Anodic stripping voltammetry, using peak currents, has 
undoubtedly been the most popular detection tool (Allen 
et al., 1970; Bender et aj., 1970: Blutstein and Shaw, 1981; 
Chau and Wong, 1976; Chau et a/]., 1974: Hanck and DilYard, 
tory; Hart, 1*96'=kegin@-and Rowe 1275 = Shuman and 
Hocdward 19777 *Smith, 1976" Stnerter ale, )1e80)- Copper has 
been commonly used because it generally torms more ‘stable 
complexes than other methods for which voltammetry can be 
used (Shuman and Woodward, 1977). The limitations of anodic 
Stripping voltammetry have been discussed in Section 2.3.4. 
Hart (1981) states that the titration curve measured by 
anodic stripping voltammetry will only have a distinct 
breakpoint if the product of the total ligand concentration 
and the overall conditional stability constant is 
considerably larger than one. Under natural water conditions 
this means that, for copper, only complexes with stability 
constants larger than 10'° will be measured (Chau and Wong, 
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Ton exchange equilibration methods have employed a weak 
cation exchanger (Van den Berg and Kramer, 1979) and strong 
cation exchangers (Beers, 1979; Crosser and Allen, 1977, 
1978; Hickey, 1979; Zunino et a/., 1972). Crosser and Allen 
(1977) found that copper complexes of EDTA and glycine could 
be differentiated and that at a concentration of 4 x 10-* M, 
the minimum stability constant required for application of 
Ene Metnod 16 approximately 2.5 x 10° Lymole. A 
non-equilibrium flow through method using Chelex 100 resin 
was claimed to have a detection limit of less than 5 x 
iis Musing EDTA as the ligand and copper as the titrant 
(Stolzberg and Rosin, 1977). 

Other complexation capacity determinations have used 
10n selective electrodes (Bresnahan et a/]., 1978; McCrady 
and Chapman, 19/9; Sunda and Lewis, 1976): algal bioassays 
(Davey ef a]., 1973; Gachterger a)., 1978>"Srna et a]. 
1950; Sunda and Lewis, 1S76)"wa dialysis technique (Truitt 
and Weber, 1981); and, a method based on the increased 
solubilization of copper at pH 10 in the presence of 
complexing ligands (Kunkel and Manahan, 1973). These methods 
do not appear to have the sensitivity OleahOGice Strspoind OF 
ion exchange methods and the solubilization method 
undoubtedly perturbs the natural equilibria present in the 
~ sample. However, of all the methods, free metal 
concentrations have only been measured directly using ion 


selective electrodes. 
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3. PROBLEM FORMULATION AND RESEARCH OBJECTIVES 


Metals in municipal sewage can exist in the insoluble phase 
as precipitates and attached to particulate Newre Wy Oren 
the soluble phase in one or more forms. The form of the 
metal determines how and to what extent it is removed by 
activated sludge treatment systems. Metals in the 
particulate phase can be removed by primary sedimentation 
and by entrapment in the activated sludge. Soluble metals 
are removed by attachment to the activated Sludge by one or 
more sorption processes. Activated sludge bacteria have been 
found capable of accumulating up to several percent of their 
weight as metal ions. 

At least 90% of metals removal by activated Sludge 
occurs rapidly (3 minutes to 3 hours) and uptake commonly 
follows Langmuir or Freundlich isotherms. Viability of the 
activated sludge appears to make little difference to this 
rapid uptake phase. Viable activated sludge may also show a 
subsequent second slow phase of metabolically enhanced 
active metal transport across cell walls and membranes. 

It is evident that insoluble activated sludge 
extracellular polymers play an important role in metal 
uptake. These polymers appear to be predominantly 
polysaccharide in composition. Possible sorption mechanisms 
for soluble metals, M, onto activated sludge sorption sites, 


S, can be summarized into four categories. 
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1, Cation exchange. 
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2. Metal complexation with charged groups on the 
Sludge. Although little is known about metal complexation 
with activated sludge, it appears that carboxyl and 
aliphatic hydroxyl groups are the predominant metal 


complexation sites. For example: 
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3. Metal complexation with uncharged ligands, L. 
x(Sludge-L) + M?* == (Sludge-L) -M?* ae, 


4. Adsorption of metal-organic molecules to parts of 


the sludge which do not contain ionized functional groups. 
Sludge + M-L = — Sludge-M-L 3.4 


Only indirect evidence for the occurrence of the first 
two mechanisms has been presented in the literature. 

Large variations in removal efficiencies within and 
among treatment plants occur for any of the metals. Removal 
efficiencies for cadmium, chromium, copper, lead, mercury 
and zinc are normally at least 60% to 70% whereas those for 
nickel are generally considerably less than 50%. 


Furthermore, the proportion of nickel removed by primary 
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sedimentation appears to be less than for the other metals. 

The relative affinity of activated Sludge for metals 

appears to be: 

PD 206UG>+ tCa Laaznt> eng 
Selectivity of uptake is based on metal character and on 
relative metal concentrations. 

Information on specific metal compounds in municipal 
Sewage is essentially non-existent, but the many and varied 
sources of metals and the complex nature of sewage suggest 
that the number of metal species can be large. Metal 
complexing ligands in wastewaters COMmpet eewith *those von “the 
Sludge for metals. Metal uptake by activated sludge 
undoubtedly occurs to a large extent because of the much 
higher concentrations of complexing ligands on the sludge 
than in the wastewater. 

Metals have frequently been observed to be less 
effectively removed as concentrations of soluble Organic 
matter or added complexing agents were increased. Reasons 
suggested for these observations have been that free metal 
ion concentrations were decreased and/or that metal 
solubilities were increased. The free metal ion has often 
been found to be the most important species governing metal 
behavior in many aqueous systems. Conversely, metal uptake 
increases when the concentration of biological "solkids®rn the 
aeration tank increases. 

Metal uptake is also affected by high concentrations of 


other metals such as calcium and magnesium, oxidation State, 
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redox potential, dissolved oxygen concentration, pH and mean 
cell residence times. 

The prediction of metal removal in activated Sludge 
treatment systems has concentrated on the measurement of 
conditional metal-ligand stability constants in wastewaters 
and with activated sludge. This practice requires several 
assumptions that are tenuous when dealing with ill-defined 
Samples, not the least of which is related to the fact that 
the various ligands present are not known. Consequently, the 
numbers and types of metal complexes formed are not known. 
Furthermore, ligand concentrations have usually not been 
measured in molar units which means that the measured 
Stability constants cannot be compared on a rational basis. 

Anodic stripping voltammetry, ion-selective electrodes 
and ion exchange have been the most frequently used 
analytical techniques for metal speciation and complexation 
capacity studies. Of these methods, ion exchange exhibits 
distinct advantages in terms of applicability to many 
different metals, sensitivity and relative freedom from 
interference by other metals and organic matter. The 
Schubert ion exchange approach is considerably easier to use 
than other ion exchange methods which do not involve 
"Swamping" samples with suitable electrolyte. 

Only a few wastewater and sludge samples have been 
analyzed for metals at the City of Edmonton Gold Bar 
WastewatersTreatment Plante durang) the: last: faves yearsa- This 


lack of metals data in Edmonton necessitated the first 
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research objective. 

Enspectyvon Of equations’3.1°fo'3f2 *f6r uptake of 
soluble metals by activated Sludge shows that the "active" 
metal species is the free metal ion. This Suggests that the 
Proportion of soluble metal present in sewage as the free 
metal ion might determine the extent of metal uptake. 
Although the free metal ion has often been implicated as 
determining metal behavior in other aqueous systems, 
partiGularly*in texierty studtés ?cthi's species has not been 
explicitly evaluated for its role in metal removal by 
activated sludge. Hence, the other research objectives are 
basedvon the «postulate “that 

soluble metal uptake by activated sludge is 
primarily dependent on free metal ion (as opposed to 
total soluble metal) concentrations under 
equilibrium conditions. 

Nickel is of concern because of its haga toxicity and 
its poor removal by biological treatment. Quantitative 
speciation methodology for this metal is probably limited to 
anodic stripping and ion exchange. The current sensitivity 
of the former technique for nickel is, however, considerably 
@éss-thaniton copper or zinc. 

The research objectives were defined as follows: 

1. To measure the influent concentration range and removal 
etticiency ro nicnelem relative to other metale of 
interest, at the Edmonton Gold Bar Wastewater Treatment 


Plant during dry weather flow conditions. 
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To develop a sensitive and accurate method for the 
meaSurement of free nickel ion concentrations in 
municipal sewage based on the Schubert cation exchange 
approach together with graphite furnace atomic 
absorption spectroscopy. 

To use the developed ion exchange method to measure free 
nickel ion concentrations and nickel complexation 
Capacities in Edmonton sewage. 

To test the hypothesis that activated sludge uptake of 
nickel is a function of free nickel ion concentrations 
Present et total nicke! concentrations typical of 


municipal wastewaters. 
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4, EXPERIMENTAL 


4.1 REAGENTS AND RESIN 

High purity deionized water from a Millipore RO15-Q2 
system was used throughout. 

The analytical grade strong acid cation exchange resin 
was Dowex 50W-X8 (Baker Chemical Co., or Serva GOrp.)) «of 
90-100 mesh and with an exchange capacity of 4.9-5.2 meq/g 
Ofs dry: resin. 

Hydrochloric acid, HCl (Amachem Co. or Fisher 
scientific Co.),. sodium hydroxide, NaOH (Amachem Colne 
Qlycyl-L-alanine, gly-ala (Serva Corp.), disodium dihydrogen 
ethylenediaminetetraacetic acid dihydrate, Na.,H,EDTA.2H,0O 
(Baker Chemical Co.) and sodium nitrate, NaNO, (British Drug 
Houses) were either reagent or ener yvitn ca legrades.n Arh star 
nitric acid, HNO; (British Drug Houses) and pesticide-grade 
methanol (Fisher Scientific Co.) were also used. 

Certified Atomic Absorption Standard Solutions (Cd 
metal, Cu(NO;),, Ni(NO,;),, ZnO in HNO, and potassium 
dichromate in water, Fisher Scientific Co.) were used to 
prepare all standard and synthetic solutions and for 
Standard additions. 

A reference quality control sample of dried municipal 
Sludge from the U.S. Environmental Protection Agency 
(Spl.No.2792, WP976) was used for evaluation of wastewater 


digestion methods. 
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Medical grade carbon dioxide, CO, (Union Carbide Canada 


Ltd.) was used for pH buffering. 


4.2 APPARATUS 

An Instrumentation Specialties Company (ISCO) Model 
1680 automatic wastewater sampler was used during the field 
study. 

Metals were analyzed by graphite furnace atomic 
absorption spectroscopy (GFAAS) using a Perkin-Elmer Model 
5000 spectrophotometer with deuterium background correction, 
an HGA 2200 graphite furnace and an AS-1 auto Sampling 
System with 20 pL injection volumes. Single element 
Perkin-Elmer Intensitron hollow cathode lamps and 
pyrolytically-coated graphite tubes were used. 

Measurements of pH were made with a precision of + 0.05 
PH units using an Orion Ionalyzer 399A pH meter and an Orion 
Model 91-05 combination pH electrode calibrated with Orion 
PH standards of 4.05, 7.05 and 9.2) PH units. 

Weighings were carried out on a Sartorius Model 1207 
MP2 top-weighing balance (+ 0.0001 g) and on a Mettler Model 
P1200 (4 02002 g)) top-weighing balance. 

Samples were centrifuged in a Sorvall RC-5B 
refrigerated centrifuge (Du Pont Corp.) using SS-34 and GS-3 
rotors, and in an IEC Model CL clinical centrifuge 


(International Equipment Co.). 
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Samples were shaken on a New Brunswick G-11 high speed 
Qyratory shaker. 

Vacuum filtrations were carried out using Whatman GF/C 
filters and 0.45 pm Millipore HAWP 04700 membrane filters 
together with Gelman plastic filter funnels with magnetic 
couplings (Gelman, Product No. 4200). 

A Lab-Heat muffle furnace, Model M-30A-10 (Blue-M 
Electric Co.) was used for sample ashing. 

Samples were digested using a Presto-brand aluminium 
pressure cooker and a Brinkman Model PT 10-35 homogenizer 
with a specially constructed titanium probe fashioned after 
Ete rinkman PT 10 °S?T probe. 

All glassware was constructed of borosilicate, and 
except for dispensing samples in suspended solids 
determinations, A-grade volumetric glassware was used. Wide 
tipped FisherBrand Serological pipettes (+ 0.1 mL) were used 
to dispense samples onto filters for suspended solids 
determinations. Sewage samples were collected in 500 mL or 
1000 mL Nalgene linear polyethylene bottles with screw caps. 

Glass columns used in the determination of free nickel 
ion concentrations with the column ion exchange method 
consisted of a reservoir (8 cm long x 4.8 cm i.d.) fused to 
a long tubular section (26 cm long x 1 cm i.d.) which was in 
turn fused to a narrow section (0.5 cm i+d.) contaunming a 
Teflon stopcock. Plugs of glass wool above the stopcock were 
used to retain the resin. The volume of each column was 


about *100 mL’ .(Rigure 4 21 )% 
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Resin 
<—Glass Wool 


Figure 4.1 Diagram of a Column Used for Ion Exchange Studies 
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Determinations for nitrilotriacetic a6i cy NTA, and 
total organic carbon, TOC, were carried out Dyacrechnica | 
Staff in the Environmental Engineering Laboratory, 
University of Alberta. A single cell Princeton Applied 
Research Model 174A Polarographic Analyzer was used for NTA 
determinations. Total organic carbon analyses were carried 


out with a Beckman Model 915-B Tocamaster carbon analyzer. 


4.3 PROCEDURES 


4.3.1 Cleaning of Equipment 

Ali laboratory and field equipment, including parts of 
the automatic sampler in contact with sample, were first 
cleaned by washing with detergent solution. After EInsing an 
tap water, they were soaked in 2 M HCl for several hours and 
rinsed thoroughly with high purity water. The glass columns 
together with the glass wool plugs were acid-washed by 
dripping about 600 mL of 2 M HCl through them followed by 
several washes with high purity water. Attempts to shorten 
the washing protocol led to the occurrence of spurious 


results. 


4.3.2 Graphite Furnace Atomic Absorption Spectroscopy 
(GFAAS) 
Operating conditions for the spectrophotometer and 


furnace are listed in Table 4.1 for various matrices used in 
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this study. The furnace temperature and time conditions were 
optimized by following Perkin-Elmer instructions 
(Perkin-Elmer, 1977) using standards and Sewage samples. It 
was found necessary with the higher ionic strength matrices 
(i.e. sample matrices 2 and 3) to use uninterrupted gas ee 
(i.e. "Norm") to prevent condensation on the furnace 
windows. Either peak heights or areas were measured as 
appropriate for obtaining optimum absorbance values. 

Zinc was determined using a wavelength of 307.8 nm 
rather than the more sensitive 213.9 nm because exceedingly 
high and variable blank absorbance values were obtained when 
the second wavelength was used. 

Typical GFAAS calibration curves for standard cadmium, 
chromium, copper, nickel and zinc solutions prepared in 1% 
HNO, (by volume) and employing new or near-new graphite 
tubes are presented in Appendix A. 

The linear absorbance ranges for these metals, obtained 
from the calibration curves, are summarized in Table 4.2. 
Where necessary, samples were diluted so that their 
absorbance values were within the linear range. Absorbance 
values for appropriate blanks were subtracted from standard 
and sample absorbances prior to calculation of 
concentrations. Blanks and standards were run after about 
every thitd semplesto correct mors furnace drift and 
deterioration of graphite tubes. Triplicate injections were 
used for all blank, standard and sewage samples. The mean 


absorbance value’ of "two Or three injections Was used to 
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Table 4.2 Linear Absorbance Ranges for Metals Analyzed by 


GFAAS 


Metal Linear Range 
M (mg/L) 
Cd Dero Osc) Oat Oras 000-00 
Cr Om sry2 OO 2 Dear 0010 
Cu Oe 470x005? Obie 0020 
Ni Ota es Ox HO Ome sO. O20 
zn Oreo Onc OMe OR eer 6) 


calculate each concentration. Absorbance values were only 
accepted if they were within 10% of each other for any one 
Sample. 

Replicate injections of low concentration standard 
metal solutions were carried out to estimate the accuracy 
and reproducibility of the GFAAS methods. Table 4.3 shows 
these results. All~standard solutions were analyzed 
accurately and with good reproducibility. The largest 


relative standard deviation was 8% for chromium. 


4.3.3 Interferences in GFAAS 

One or more of the following categories of 
interferences can occur with the use of GFAAS (Krasowski and 
Copeland, 1979; [Perkin-Elmer (1977). 

I-fBackground (melecular)Rabsorption,or scattering is 
caused when components of the matrix volatilize during 
Sample atomization. It can be overcome by using background 
G€errection. 

2.) Spectral imtegrerence can=occur when Spectral Slines 
overlap. 

3.) Chemical and physical interferences arise whem the 
number of ground state metal atoms generated during 
atomization is reduced. An example of this is the formation 
of non-volatile metalgcarbides by interactiongof metals with 
the graphite tube. This type of interference always causes 


Suppression of GFAAS signals. 
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4, Matrix interferences occur when the rate of analyte 
atomization is changed and can give rise to either 
enhancement or suppression of measured Signals. They 
commonly occur when the physical and chemical 
characteristics of standards and samples are considerably 
different. For example, covolatilization of metal along with 
a@ more volatile matrix can occur in natural samples. This 
effect can be overcome by the method of standard additions 
provided that the added metal behaves Similarly to the metal 
preesent Sbefore Standardeaddition. 

The causes and mechanisms of chemical, physical and 
matrix interferences are not known in detail, but they 
appear to be related to the furnace construction and type of 
heating used. Rates of heating are relatively low, heating 
is non-isothermal in time and length along the length of the 
Graphite tube (Chakrabarti et a]., 1980), the vapour 
temperature lags the wall temperature (Hageman et al., 
1979), the porosity and surface condition of Graphite tubes 
rsvintacstate of continual change (Willis, 1975) and 
residence times of atomized metals are short and can be 
variable (Hageman et a]., 1979) in commercial AAS graphite 
furnaces. 

Pyrolytically-coated graphite tubes were used 
throughout this program to reduce the possibility of 
metalzcarbudeuformation. 'The presence sof matrix 
interferences in sewage samples was checked by the method of 


standard sSaddrtions. wSmall "volumes )(< 1% sof total volume) of 
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concentrated metal standard solutions were added to 
undiluted and diluted sewage and mixed liquor samples 
acidified with 1% HNO, (by volume). The acidified Samples 
were digested using the homogenization method (refer Section 
4.3.5). Metal recoveries were compared with those for 
Standard metal solutions prepared in the same manner. 
Unspiked sewage and 1% HNO, solutions were used as blanks. 
In view of the use of centrifugation to remove particulate 
material from wastewaters prior to analysis for free nickel 
Deelem Section {22% the mickelverucues were: aleovcarri ed 
out on uncentrifuged and centrifuged samples. Samples were 
diluted to determine whether interferences which mMignie occur 
could be overcome by dilution. 

Metal recoveries from the spiked samples are summarized 
in Table 4.4 together with the concentrations of the 
Standard additions (spikes) used. The only cases of 
incomplete recovery occurred with the determinations of 
cadmium in mixed liquor diluted 1:25 and chromium in raw 
Sewage diluted 1:10. Consequently, mixed liquor samples for 
cadmium analyses and unfiltered raw sewage Samples for 
chromium analyses were always diluted = 1:50 and 1:100 
respectively before determinations were made for these 
metals. These dilutions were sufficient to ensure that 
absorbance values were within linear working ranges of the 
calibration curves.| The results in“Table-4.4 also 
demonstrate that accurate analyses were possible using 


Standards prepared with 1% HNO, (by volume). 
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4.3.4 Sample Preservation 

Sewage samples not intended for the determination of 
free nickel were acidified with HNO,. Nitric acid is the 
preferred mineral acid for GFAAS. Losses of volatile metal 
chlorides can occur with hydrochloric acid, sulphurie Sacra 
can form insoluble metal sulphates with, for example, lead 
(Garrondo ef "al, , °1979a;=1979b) “and low metal orecéveries 
have been experienced with the use of perchloric acid 
(Dokiya et a]., 1975). The use of varying amounts of 
Cencentvatred HN@y, up’ to-0Y57 Gon +a volumes basis: Shas wbeen 
recommended (APHAP*1975> Env front Cane 2198 1) 9 “anaenPaA 
(1976) recommends the addition of sufficient HNO, to 
decrease the sample pH to less than 2 for the preservation 
of wastewater samples. The addition of 1% (by volume) of 
concentrated HNO, was used in this study in view of the acid 
requirements for the homogenization digestion method (refer 
Section es 35 it 

Sample preservation; if requiréd,; was"ecarried out 
immediately after collection, and analytical procedures on 
samples not requiring preservation were started within 1h 
of collection. Unpreserved sewage samples requiring standard 
metal additions were left for at least 2h after standard 
additions before starting the experimental procedure to 
allow the added metal to equilibrate with the metal- 


complexing ligands present. 
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4.3.5 Choice of Sample Digestion Method 

Digestion of natural samples may be necessary before 
analysis of metal concentrations to destroy the organic 
matrix and to solubilize the metals. Dry ashing has been 
found to be less efficient for some metals than wet ashing 
techniques (Carrondo et a/]., 1979b: Delfino and Enderson, 
1978emJenniss et al., L980) ecHot HNO, digestion “is 
recommended for wastewaters by at least two standard methods 
(APRA? £197 5;+GEPAVe9976) codennisscet a] gb 1980) veound cthat 
hot HNO, digestion gave low results for metals in sludges 
and that the use of HNO; in a high pressure decomposition 
vessel or HNO, together with hydrogen peroxide Gave the best 
metal recoveries. Digestion of acidified sludge in an 
autoclave at 15 psig for 2 h was used by Cheng (1973). The 
advantages of steam digestion under pressure are that it is 
Simpler and faster for large numbers of Samples compared 
with other digestion methods and it prevents volume loss by 
evaporation when compared to dry heating methods such as 
sand baths. 

Digestions of municipal wastewaters and Sludges have 
also been carried out using high speed homogenization with a 
Specially constucted titanium probe instead of the stainless 
steel probe supplied in order to prevent metal contamination 
(Lestercet tal. -Ui977 ML Acidified vsamplese( 1 Webyevellumeawith 
HNO,) were homogenized for 5 min at 8000 r.p.m. (Carrondo 
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Digestion by this method is achieved by mechanical 
grinding and ultrasonic waves generated by the probe. These 
investigators reported that the homogenization method 
yielded results for a wide range of metals which were 
Statistically similar to those using HNO;/ He SOn 56H: On /HNO, 
or bomb digestion methods. The major advantage of digestion 
by homogenization was claimed to be its speed compared to 
Standard wet acid digestion methods. 

It was decided to compare acid digestion using steam 
under pressure (hereafter called pressure digestion) with 
the hot HNO, digestion method of APHA (1975) and high speed 
homogenization using a titanium probe. Nine aliquots were 
taken from bulk samples of uncentrifuged raw sewage, mixed 
liquor and primary sludge to allow each digestion method to 
Descarraed, out in triplicate for each type of sample. Raw 
sewage Samples were undiluted and the mixed liquor and 
siudgei samples: were] diduted (4:40) with high, purity. water 
prior to digestion. The HNO, digestion method used 20.0, mL 
Sampies;n thesaddituon of) 3 successive, 35,mb) aliquots of 
concentrated HNO, (Aristar) which were boiled to dryness and 
theefdnad addition of 20.0, mL of 1% HNO; (by volume) to 
dissolve the residue. Samples for digestion by the other two 
methods were acidified (1% by volume) with HNO, before 
digestion and 20.0, mL aliquots were used. Homogenization 
was carried out for 5 min at near maximum speed (setting 8). 
Pressure digestion was carried out in Pyrex boiling tubes 


covered with acid-washed aluminium for) for i hat 15 psig 
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in an aluminium pressure cooker. Blank samples (i.e. 1% HNO, 
by volume) were digested in the same manner as the sewage 
Samples. 

Table 4.5 shows the results of this comparative study. 
The pressure digestion method was at least as efficient for 
digestion of all but two of the Samples used as the other 
two methods. Blank absorbance values for the pressure 
digestion method were negligible whereas those for cadmium, 
chromium and nickel using the HNO, digestion and 
homogenization methods were unacceptably high. The pressure 
digestion method was by far the easiest to Carry Bout, 
whereas great care was necessary with the wet HNO, digestion 
method of APHA (1975), and the noise generated by the 
homogenizer was virtually unbearable even with ear 
protection. 

The pressure digestion method was further evaluated by 
analyzing, in triplicate, a sample of reference municipal 
Sludge from the U.S. Environmental Protection Agency. Table 
4.6 demonstrates that this method gave results which agreed 
to within 2 standard deviations with those Supplied for the 
reference sludge. 

Pressure digestion was thus the preferred digestion 
method. Although some samples were initally digested using 
high-speed homogenization, most of the samples requiring 
digestion were acidified with HNO, and digested in a 


pressure cooker as described. 
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Table 4.6 Total Metal Concentrations for EPA Municipal 


Sludge Determined after Pressure Digestion 


Metal Measured Reference 
Concentration‘ '? Concentration <™) 
(mg/kg) (mg/kg). 
Cd FON £04052 207002 19°15 
Cr TG: 1 26:0, 204 + 45 
Cu O.0i1, BE 2311 HS LOSS tA pHh32 
Ni 205IVE TNS C96 Ret17.5 
Zn TES SICES 2. 5 PZ 23R5 965 


Concentrations as mean + 7 Standard deviation 
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4.3.6 Determination of Solids, Total Organic Carbon and 
Nitrilotriacetic Acid 

Total solids, mixed liquor suspended solids and 
volatile suspended solids were determined according to APHA 
fn97 50+ 

Determination of TOC used acidified samples (1% HNO, by 
volume) without sample neutralization before injection into 
the Beckman carbon analyzer. 

Nitrilotriacetic acid was determined polarographically 
using the method of Environ. Can. (1979) except that a 
Single rather than a double cell polarographic analyzer was 


used. 


4.3.7 Resin Preparation 

Fines were removed by repeated sedimentation and 
decantation in water. About 25 g of fines-free resin was 
transferred into a 2.5 cm i.d. glass column and washed with 
2M HCl until thevettluent was colourless, The resin was 
then washed with water until the effluent and influent PH 
values were the same. Next it was converted to the sodium 
form by washing with 3 M NaOH until the pH of the effluent 
no longer increased. This was followed by a water wash until 
effluent and influent had the same pH values. The resin was 
finally washed with 250 mL methanol followed by a wash with 
water before being dried at 45°C in a convection oven and 


stored in a screw-cap polyethylene bottle. 
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4.3.8 Data Analysis 

Data manipulations and statistical analyses were 
carried out with the University of Alberta Amdahl 470V/6 
computer together with the MIDAS data handling and 
Statistical package. Fortran programs calling the CGPL 


plotting subroutine were used for all computer graphics. 
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5. TOTAL METAL CONCENTRATIONS AND REMOVAL EFFICIENCIES AT 


THE EDMONTON GOLD BAR WASTEWATER TREATMENT PLANT 


The municipal wastewater treatment plant in Edmonton, the 
Gold Bar Plant, is a plug-flow activated Sludge plant. At 
the timewof~this study it had a design Capacity of 495 ‘ML /d 
for primary treatment and 205 ML/d for secondary treatment. 
Figure 5.1 shows the layout of the treatment process. 
Treated wastewaters are discharged to the North Saskatchewan 
River and digested sludge is pumped to the Clover Bar Sludge 
Storage Lagoons. The study was carried out during June 6 to 
June 14, 1980, a period when there was no rainfall and there 
was no flow of supernatant from the Clover Bar Lagoons. 
Daily plant operational performance data for this Peclod, in 
terms of BOD; and suspended solids removal, are summarized 


in he b Revise 1. 


5.1 PROCEDURES 

Discrete 75 mL samples were collected at 15 minute 
intervals using an automatic wastewater Sampler located 
directly downstream from the right side bar screen (Site A, 
Figure 5.1). Four consecutive samples were automatically 
collected in each sample container to provide 1-hour 
composite samples for two 12-hour and three 24-hour periods. 
Manual grab samples were collected at 6-hour intervals from 


the other two bar screen outlets and at 12-hour intervals 
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Figure 5.1 Layout of the Gold Bar Wastewater Treatment Plant 


Showing Sampling Sites 
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from the primary effluent, final efiluent, myxed thiquor, 
return sludge, primary sludge and digested Sludge. All mixed 
liquor and return sludge Samples were equal volume 
composites of samples collected from each of the five 
secondary aeration tanks. Primary and digested sludges were 
Goblected tinom the scones of tthe primary sedimentation tank 
and one of the sludge digesters respectively. 

The wastewater samples were vacuum filtered through 
membrane and Whatman GF/C glass fibre hubbers »iwit hethe 
latter acting as prefilters. Sludge samples were diluted 
1:10 (by volume) prior to addition of acid and all samples 
were digested in a pressure cooker before being analyzed for 
metals. 

All samples were analyzed for cadmium, chromium, 
copper, nickel and zinc. Total solids analyses were used to 
convert units of mg/L in mixed liquor and sludge samples to 
mg/kg (dry weight). 

Flow data were obtained from the Gold Bar Wastewater 
Treatment Plant records. Hourly loadings were calculated 
from the following expression: 

Loading(kg/h) = Flow(ML/h) x Concentration(mg/L) B. 1 

The concentration data for each of the metals were 
positively skewed. Data were consequently transformed to 
natural logarithms prior to statistical analysis (refer 


Section Dx 2a 
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5.2 RESULTS AND DISCUSSION 
All metal concentration and flow data are provided in 
Appendix B. Each concentration represents the mean of 


triplicate analyses. 


9.2.1 Influent Metal Concentrations 

Table 5.2 summarizes ranges and means of the total 
metal concentrations determined in influent samples to the 
Gold Bar Wastewater Treatment Plant together with data from 
other municipal treatment plants in Canada. Geometric means 
were calculated where original data were available. 
Otherwise the data, including arithmetic means as given by 
the jpeterences, are cuped., Thesdata trom the *present study 
are hourly values whereas the other data were derived from 
composited samples of varying time periods. It should also 
be noted that data from more than one treatment plant are 
cited for some of the locations. 

Total chromium and zinc concentrations were appreciably 
higher than those of the other metals in Edmonton sewage. 
With the exception of copper concentrations in Vancouver, 
dry weather metal concentrations in Edmonton sewage were 
generally considerably higher than total metal 
concentrations reported from other cities of comparable size 
in western Canada. Total concentrations of chromium and 
nickel are particularly high in Edmonton municipal 
wastewaters. However, apart from chromium, total metal 


concentrations in Edmonton were considerably lower than 
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values reported from Ontario municipalities. Chromium 
concentrations in the Edmonton sewage appear to be similar 
to those in Ontario. It has previously been noted that total 
metal concentrations in Ontario municipal wastewaters are 
often high on a world basis (Nielsen and Hrudey, 1981), 
probably because of relatively high proportions of 
industrial wastes in those municipal wastewaters for which 
data were reported. 

Nickel in municipal sewers originates mainly from 
industrial discharges and chromium can be derived from both 
domestic and industrial sources (Davis and Jacknow, 1975; 
Surehemeet aleg i 19/8py Kleine ety aly, 1974) .oMetadsfanishing 
industries and tanning operations are obvious industrial 
sources» of these smetads.» Although approximately. had£,ofsthe 
Plectroplatingrand metalefanashing plantisean Alberta-are in 
Edmonton, the numbers of these plants and employees in the 
province are small compared to those in Ontario, Quebec, and 
Bratish, Columbia, (EPS,.1975;,Holtz, 1980).+ Records. also 
showed that there was only one tanning operation, employing 
about 80 people, in Edmonton (Bissett, 1980). 

The raw sewage was sampled immediately downstream from 
the grit tanks and not at the inlet to the plant because 
industrial liquid wastes brought to the plant for disposal 
were dumped in the grit tanks. During the present study 
several trucks were seen to dump wastes into the right side 
Grit tank. Consequently, it was of interest to determine 


whether total metal concentrations from the three grit tanks 
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differed from each other. Two-way t-tests (Miller and 
Freund, 1977) were used for the cadmium, copper, nickel and 
zinc data. The chromium data, which followed a bi-modal 
distribution (refer Section 5.2.2), were analyzed using the 
non-parametric Mann-Whitney test (Miller and Freund, 1977). 
The results showed that there were no significant 
differences in total metal concentrations between the centre 
and left side grit tanks. Zinc concentrations from the Git 
Side grit tank (Site A) were found to be significantly 
different from those in the centre and left side tanks, and 
cadmium concentrations from the right and left side eisine 
tanks were significantly different (p < 0.05). Mean cadmium 
and zine concentrations from Site A were, however, lower 
than those in the other two grit chambers. These results 
indicate differing performances of the three grit tanks. 
They also suggest that tanker truck wastes did not cause 
Significant increases in influent loadings of the metals 
determined during the study period. The latter conclusion 
was reinforced by the low metal concentrations found in grab 
samples collected from Site A when tanker truck wastes were 


being dumped. 


5.2.2 Temporal Variations 

Total hydraulic and metal loadings to the Gold Bar 
Wastewater Treatment Plant for the three 24-hour periods 
Sampled during the survey are tabulated in Table 5.3. 


Loadings for metals which showed no significant 
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Table 5.3 Hydraulic and Metal Loadings to the Gold Bar 
Wastewater Treatment Plant for Three 24 h Periods (0900 to 
0900 h) 
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concentration differences between grit tanks were calculated 
as three times the sum of the hourly loadings from the right 
Side grit tank for the chosen time periods. Cadmium and zinc 
loadings, which differed significantly between Gritetanks, 


were calculated from: 


Cc 
Total loading = (ZRS loading) + [(=RS loading) - a sx 
GMC 
LS 

H RSH iloading))\\- ae | 

GMC 
where. RSiisina ghe iside 
LS = left side 


C = centre 
GMC = geometric mean concentration 

Missing data were calculated as the means of the values 
preceding and following the missing value. 

Although the hydraulic loadings did not differ markedly 
from day to day, metal loadings for Sunday-Monday were 
generally much smaller than for the two weekday periods. 
With the exceptions of chromium and zinc, the metal loadings 
for the two weekday periods were quite similar. These 
results imply that some major waste metal sources do not 
discharge ona continuous basis. 

Hourly influent flows and total metal concentrations 
from Site A are shown in Figures 5.2 to 5.6. Comparison of 
ENe@se (Ligures shows Ghat Gistinet diurnal varvatvons 
occurred and that concentration and flow peaks often 


coincided. Correlation coefficients between total 
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Figure 5.2 Hourly Total Cadmium Concentrations in Sewage 


from Site A 


Hi 


Chawr GOT OF 


Whonit” 


Oeie ff 


a ers 


sasuei al easisextesems> aweebad feger yiweok S.@ o10git 2“ 


116 


10.0 
5.0 
cy 
— 
eo) 
£ 
ox 
o 120 
J 
a 
‘io 
= 
x 0.50 
O 
(es 
e) 
O 
Le 
O 
0.10 
0.05 
120 — 
100 
s 80 
~~’. 
ues 
= 60 | | 
4 
oO 40 | | 
LL i 
20 
(e) (oie; (exe) jee) (Qe) (@) 
© o'© jexe) jexe) [oxe) (e) 
N ©o'© - O& @ oOo [oo ep) N 
N Ch (S\(e) (exe) (exe) N 
6-7/6/80 8-9/6/80 10-11/6/80 12-13/6/80 14/6/80 
Time (h) 


Figure 5.3 Hourly Total Chromium Concentrations in Sewage 


from Site A 
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Hourly Total Copper Concentrations in Sewage from 
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5.5 Hourly Total Nickel Concentrations in Sewage from 
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Figure 5.6 Hourly Total Zinc Concentrations in Sewage from 


Site A 
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concentrations and flows were significant (p < 0.05) except 
for cadmium. Since higher flows tend to coincide with 
increased urban activities, the correlation of metal 
concentrations may actually have been with the latter. Peak 
flows of about 115 ML/d were measured from Site A during the 
afternoon hours and these were approximately twice the early 
morning flows. Weekend peak flows were 10% to 12% lower than 
those during weekdays. 

With the exception of chromium, total metal 
concentrations varied by approximately one order of 
magnitude. The variations in chromium concentrations were 
five times larger. The occurrence of narrow chromium peaks 
at approximately noon during weekdays strongly indicates the 
possibility of industrial chromium wastes being discharged 
on a batch basis during weekday mornings. 

Copper exhibited peaks during early to mid-afternoon 
and evening hours. The similarities in shapes and temporal 
positions of the concentration peaks with the flow peaks 
suggests that much of this metal is derived from domestic 
sources. Industrial wastewater flows are a relatively small 
proportion of total Edmonton sewage flows (Hrudey, 1982) and 
thus would not strongly influence flow peaks. Edmonton tap 
Wat eri) 1 Stisiighti yiatkal ines (pH =8729Mt® 6f 3) cand 
aggressiveness index (as defined by AWWA (1981)) data 
indicate that it is non-aggressive or only very slightly 
aggressive (Walker, 1981). These data suggest that copper 


plumbing is probably only a small source of copper in 
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municipal sewage. 

Temporal variations for cadmium, nickel and zinc, are 
more complex. Although the temporal positions of many of the 
peaks suggest domestic sources, the presence of 
concentration peaks at times of low flows also suggests low 
volume high strength industrial discharges. 

Log concentration cumulative frequency plots of these 
data are shown in Figures 5.7 to 5.11. The chromium data 
were not log-normally distributed. Concentrations for this 
metal exhibited a bi-modal distribution because of the few 
very large concentrations measured. The other data, however, 


showed excellent agreement with a log normal model. 


5.2.3 Metal Distributions Between Soluble and Particulate 
Phases 

Table 5.4 summarizes ratios of soluble/total metal 
concentrations for all raw sewage and effluent samples. The 
soluble metal is defined as that which passes through 
0.25 um membrane filters. 

Inspection of the number of data with values less than 
Or equal to 1.0 shows that, despite the care taken in 
cleaning equipment and sample handling, filter contamination 
waS an important factor. In the absence of contamination the 
soluble concentration can obviously not be larger than the 
total concentration. Filtered nickel and zinc values were 
particularly prone to severe contamination whereas cadmium, 


chromium and copper results were not. 
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Figure 5.7 Concentration Cumulative Frequency Plot for Total 


Cadmium 
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Figure 5.8 Concentration Cumulative Frequency Plot for Total 


Chromium 
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Figure 5.9 Concentration Cumulative Frequency Plot for Total 


Copper 
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Figure 5.10 Concentration Cumulative Frequency Plot for 


Total Nickel 
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Table 5.4 Summary of Soluble/Total Metal Concentration 


Ratios for all Sewage Samples 


Metal Ratio 


Cd GY Cu Ni Zn 


Total No. Of ratros 149 149 148 144 149 


Noe With values*= 1.0 147 149 148 93 94 
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These results for copper and nickel were confirmed by 
analyzing digested membrane filters which had been acid 
washed. They were found to contain insignificant amounts of 
copper (< 0.001 mg/g) and large amounts of nickel 
(> 0.04 mg/g). It is possible that all of the filtered 
nickel and zinc samples were contaminated to some extent. 
Contamination problems with filtration through membrane 
filters have been described in the literature (Benes and 
Smeinnes,) 1974" Marvitr er alm, 1970). This highlights the 
necessity of carefully checking even widely used sample 
preparation procedures to avoid spurious results, 
paricularly when working at low trace concentrations. 

Table 5.5 shows soluble/total metal ratios in raw 
Sewage, primary effluent and final effluent. Only ratios 
<#770 were ineluded. Bhe nickel yand ezine ragios are 
tentative in view of the filter contamination previously 
discussed. With the exceptions of nickel and zinc, the 
metals in the raw sewage existed largely in the particulate 
phase. The result for zinc was in contrast to published data 
which has shown zinc in raw Sewage to be mainly insoluble 
(@Liver and Cosgrove, 1974: Patterson et alt, 1975). Metals 
in the final effluent were mainly soluble, which is 
COnSistent with  avatlabie mftormation (€henrer ai. , 1974; 
Nomura and Young, 1974; Oliver and Cosgrove, 1974). 

The soluble/total metal ratios for cadmium, chromium 
and copper increased markedly at the primary and secondary 


treatment stages, whereas nickel and zinc ratios only showed 
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increases in the primary effluent samples. These changes 
sugcestLrhatenickektamdtizineytin contrast to the other 
metals considered, were not removed during primary 


secrmentatrons 


5.2.4 Removal Efficiencies 

Removals were calculated by comparing individual final 
and primary effluent loadings with the appropriate hourly 
raw sewage loadings (calculated using equation 5.2) taking 
the hydraulic retention times into account. The retention 
times for primary treatment and for the entire plant were 
ectumatea toube i itoe2ehvande9 to almost. ici he nespectively 
during the study period. The digester supernatant was not 
included in the calculations because this was a very minor 
flow (< 1.0 ML/d) compared to the raw sewage. In addition, 
metal concentrations 2m thevidigester supernatant were 
generally less than 10 times greater than those ine Ehesraw 
sewage. The data for the overall and primary treatment 
corresponded to different time increments and are not 
directly comparable because sampling times at the final and 
primary effluent sites could not be staggered BecoLrding to 
hydraulic retention times. 

Table 5.6 shows removal efficiencies based on 4 and 9 
data sets for overall treatment and primary treatment 
respectively. Overall removal efficiencies for cadmium, 
chromium and copper were high and those for nickel and Zine 


were variable and generally low. Although removal 


AE i 


yefve et) oS Jas7 Ines ai aie Bike feote dads 32 


of phibtesss Oe-45(el2 a4: Ger & wa gotia snouiite renlag 


a C. a 
yhetls Lo 


‘ (i 4 


save boa 1a« 


A. a lou eee @oL yllassiso Sac eldgisay 219¥ 


font padi tegesbe ye, Basalveisn etev a 


s sew alae seveeed enatgetwetas $c2 at 5 


seota ved s9 fae seals! Asi? east yltase) 


a 
23 of¢ te 2axis Oh Pee Sees afdarsqwo> elive? d 


= i | 


At 


ona 


oat aie sittin be ‘isis ods ni 


+ enisu® Berea S00 sfichaia eseb eto" 


al 


Mee Be 


7 ‘ 7 
Re. ’ © ee 
7 
. 
= 


epioiieici tag Levomat by 


Diage oto ee Gon Sth! tespitie qramiag . 
ips Of vise le <0 } een tbsal 2pe6é , ‘ 


sORstg saath Cals eet Iness: si iuett 
-cisns of 202, Bob Guemtaett vaenisq gene 
228s ofS ere dS ost ad oF hedaml 
ve teteemth os! .te%ssq ybute pds eae 


ad 


Serwse, Wal C82 Rs ost heya: (bas oi )\ 
13 


si yeteee th aaa #1 enoltayvtnesaao ae 


( 
San Jig evo six 252 ejeb soit .epar 


- 
Kite ofr etuT one he dawestics o2 hehe 


~ 
. 
vied 


i 


\ semi gatinesat oi Lussbyd 
betas 2 oneal ‘tavore- euone 5.2 sideT ..) 
a : baa” “Stighites 2 fnsevo 102 etea ‘sab 


ick as!saes = bstii savanys iisvevd yleviaseqess 
10% Sead: Gee aig ones regqeaa bre palais . 


) 
i 


Va 


Table 5.6 Metals Removal at Various Stages Through the Gold 


Bar Wastewater Treatment Plant 


% Removal 


(Ge! Cr Cu Ni zn 
Total treatment 
Range 83-96 81297 88-98 0-60 f= 75 
Geometric Mean 92 92 93 43 54 


Primary treatment 
Range Sa? 42-88 88s ki. Ose 1 0563 
Geometric Mean co 68 60 30 44 
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efficiencies of nickel are normally low in activated sludge 
plants, zine is generally removed efficiently (refer Section 
2elee. i). 

It also appears that with the exception of cadmium, the 
metals were predominantly removed by primary sedimentation. 
The ratios for mean removal efficiency for primary 
treatment/mean overall removal efficiency were 0.42 for 
cadmium and 0.64 to 0.81 for the other metals. This is not 
entirely consistent with the soluble/total metal ratios in 
the raw sewage and may be related to the arbitrary nature of 
the filtration process. @t could also be caused by sorption 
of soluble metal fractions onto particulate organic material 
in the primary sedimentation tank in addition to physical 
settling and entrapment of non-soluble metal fractions. 
Approximately 3.5% of the activated underflow sludge 
(0.6-0.8 ML/d) from each of the the five secondary 
clarifiers was wasted to the primary sedimentation tank 
daily. Calculations showed that the wasted activated sludge 
increased the average solids loading in the primary 
clarifier by approximately 30% during June, 1980. 

Table 5.7 summarizes metal concentrations in the 
primary and final effluent, and in the sludge samples 
measured during the survey. 

Mean (geometric) cadmium, copper, nickel and zinc 
concentrations in the primary effluent met the recommended 
objectives for Canadian drinking water sources (Environ. 


Can., 1979) and were lower than the maximum acceptable 


sad 


eke 19 -coney ra mb ii Yunicon avis tsa, to 
22 yebes) yloneisttie Bovine vibesnsy 2b ris 


bebaedcocos: sdt fen agus: vianie ea2 ‘ni seolsaxinesnos 


| 2 . 


vimhes ta ness Goa ont daiv vie asnoqggs cele 
jatnsnibes vrei ae Savonay ytaonaimobasg. 2194 ‘ 


¥ 


vgemiag 12 Vokes levers ay 103-4 dias 
‘eu yonet sate Tevomes itpewe nsem\4t - 


-_ 2 pat yerlos ged qo 3 0 re a, 3) bre 


5) Laven tace7 adam eere neta rnesaienbs 
if at? Od besal gt es vee bos 298492 WB 
anon vd dives od COE Sg assoqng noize tsi 
eten Stneprs otelusliteg gee 2fjoiteoas?i letom sidiflos 
ot eyag, a2 ‘eee ab ede? oGlacgeentbee yiaagag 


ieoem. avlghos ea. 72 2 nage £18 Sas oni 
sttiita wertoshnw Gssevlage eae to 48.6 gies amt xe 
prabrosse a¥r2 sited Be ioe mort (b\.IM hn 
-seecamthee ytemwitg sat 02 ass26w cow eveit hi 

(a, beter: rag Bernee oi? seri2 Sawone enoidgsiuols? ei : 
eratitg aig @ papesel abilme spsieve sd3 re 
‘gge; ,scul pranOh SO, gisvantxorqge yd relist [3 

ong Hi meivasiin Hie? Laren esxitannua *.¢ sidet 
safomes pydurly exit at Bae ,faéeultic Isat? Bas yisemes 
-¥svave sti enisub Sszuesem © 


atiz Gos lsaoia , tugged star bea {siasemoep) nsoM 


Horie) eeswwee Gamer goistnt xb asibeas> to¥ esytisetdo ~ 
eigesjs°ce miner of Gedg tevel ste" ons (eter ,.ms9 
4 @ 


—— j 
, i 


133 


sueow OTAZeUIOSb ( ) 


sebpnts rz0zF (3Uubtem Aap) by/Hu pue sre}zeMayASeM AOF ry / but ete 5S tay) Gu 


oS ee ea ee ee eee 


(OOL) 
OLL-0S9 


(OZL) 
O€8-0£9 


(099) 
O88-0€S 


(7ST) 
OZ6-O0€ 
GO? 0) 

8S°0-ZT°0 


GS. 20) 
8Z° O-E1°0 


(08) 
GTI-8S 


(GOT } 
QOLT-IL 


CRONE 
O€ 1-78 


(€6) 
S61-LV 


GPO 0!) 


Via 0-8 LOO 


(9€0°O) 


a2 0-5 LO- 0 


(8SZ) 
€9€-68T 


(T8€) 
98G1-S72Z2 


(VET) 
B8LZ-L8T 


C7ZOQ) 
E8Z-99T 
Caro) 

STO°0-800°0 


(G70 7) 
T80°O-0£0°0 


(OFTT ) 
OvVZ1-066 


(O9TT) 
OT61T-OT6 


(088) 
OZOT-O6L 


(S9L) 
098-099 
(81T0°0) 

SGE€0*°O-OT0°0O 


(vL0°0O) 
EV" O=E60"0 


(07 Ge.) 
vOC-Z° ol 


CL Ve) 
ORAM AT ini 


(pe) 
Z°Ol-v ZT 


C1 GC) 
E8I-Z°IT 


(€000°0) 


VLOO: O=2L000 "0 


(8T00°0) 


S700" 0-01T00~ 0 


ebpn{ts peysebtgd 


ebpnts Arzeutidg 


epbpnts 


peszeAT Zoe UusNnyod 


ZONbTT pextw 


sebpnts 


quentszo TeuTa 


qQuenTszgoe AAeutsAd 


SISIEMSSEM 


UZ 


™N 


NO 


4D 


Ga oe) UOTFeAWUSOUOD TeIOW 


BO 


S4SeM 


a ee Se ee ee 


sobpn[s pue sieqzemMoqZSemM poe zyeeTL UT SuOTRZeAUSDUOD TeIOW L°G STAPL 


= 
_ 


IY uD 


a } =< 


| Aget0<€1.0° @8-0-210.0°  “Tabsedto.0 
: 481.2) fato.@) {465.0) 
er.o $F. 0-810.0 


0} 1.5, £550.09) 


BAiWTS 
{ee} es} 


- 
~~ 


ig - eee.s 
7 ja - Oe (e125 ; aa 


roan) 


GER -HE2 wy tly 
fore ; 


Leas 
ey 


¢ 


OfT-G2a a eee 
Cov 3 (25) 


a A TEN melaiP -_ - - — 


WEI 


= a) tage poljs1tris3209 Sete - 


19 


f 


“tt ,0-jeo.0 
65076) 


eto 
, 
i] 


72-32 


{Fst 4 


0-470. 


o 
ec, (rt 


So 


cee eens annie” Janna ae ae eee 7 


oats seve 28M) 
gn00.0-0f00.0  thourtYa Yaratyl —, i 
(azod.a} , | 
dng izte tana? 


8£50..G~1000, 9 
(£506 -9} 


fais fi 
ti ee 


tasaveoss iipset 


Pir x 24 ugheal & 
— 

r Tt iJ tos j Sais” 

Lio.) 
: snbud ~#e 9 
( 
—=- — — gee ee — “a 
i i } 
( : ‘fwsJijcaw 2a c.f i+ > i 


asa Seesemeep { } 


134 


concentrations for Canadian drinking waters (Dept. Nat. 
Health and Welfare, 1978). The mean chromium concentration 
exceeded these guidelines. Geometric mean metal 
concentrations in the final effluent were very low and did 
not exceed the maximum levels allowed in drinking water. 
The digested sludge values are in agreement with 
previous Edmonton sludge data on file at Alberta 
Environment. None of the geometric mean concentrations 
exceeded the maximum values recommended by Chaney (1973) for 
Sludges applied to agricultural lands, although the nickel 
value was close to the recommended maximum concentration of 


100 mg/kg. 


5.3 SUMMARY 

he results Of this fuelawstucy confirmed one. of the 
conclusions drawn from the literature review; namely that of 
the metals studied, nickel is most poorly removed in 
activated sludge treatment plants. 

Furthermore, nickel concentrations in Edmonton sewage 
have been particularly high compared to data from other 
large cities in Western Canada. These conclusions led to the 
choice of nickel as the metal to be studied during the 
remainder of the research program. 

These results also provided the basis for relevant 
experimental design in subsequent work, particularly with 


respect to using total nickel concentrations typically found 
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in Edmonton sewage. It was considered important to work at 
concentrations typical of municipal sewage because published 
studies on metal uptake by activated sludge have generally 
used much higher concentrations (up to 1000 mg/L). They 
consequently do not provide information that is directly 


applicable to "real-world" situations. 
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6. DEVELOPMENT OF ION EXCHANGE METHOD FOR FREE NICKEL ION 


CONCENTRATIONS 


This chapter presents the theory, experimental procedures 
and method verification for the determination of free nickel 
ion (hereafter called Ni2t) concentrations. Experiments were 
carried out with standard nickel and synthetic solutions 
containing nickel and model ligands. Both batch and flow 
through column equilibration methods were used. 

The Schubert approach was adopted because, as 
previously demonstrated, it is considerably easier to use on 
a routine basis than other ion exchange methods. 
Furthermore, a strong acid cation exchange resin was used 
because its ion exchange capacity is independent of pH. An 
underlying rationale in choosing ion exchange together with 
atomic absorption spectroscopy, in preference to a 
speciation technique such as voltammetry, was its relatively 
inherent simplicity. In addition, more environmental 
laboratories have atomic absorption spectrophotometers than 
polarographic equipment and the use of ion exchange involves 


readily-obtainable glassware and reagents. 
6.1 THEORY 


6.1.1 Equilibria 
The complexation equilibrium for a aGQivalent Cation, 


M2+, which forms a complex, ML, with ligand, io USias 
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follows: 


ML Grek 


Ligand L™ may be the conjugate base of a weak acid. For 
simplicity, equation 6.1 is the only complexation 
equilibrium represented. In principle, any number of 
different kinds of ligands, and both lower and higher 
metal/ligand ratio species than MLy can be accommodated 
without any modification of the final equations given below. 

In the presence of a sodium-form strong acid type 
cation exchange resin, RNa, the metal cation is also 


involved in the equilibrium: 


2+ ae 
M + 2RNa 


RM + Nan 6.2 


The equilibrium constants corresponding to equilibria 6.1 


and'*6.'24are* 
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K = es Fo Gey) 6.4 
ie [M“*] [RNa] 


Concentrations are used rather than activities because all 


measurements are made at constant ionic strength (see 
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Assumption 1, below). The distribution coefficient, a of 
the species mM2+ is a constant under the experimental 
conditions used and is characteristic of the metal. It is 
given by: 
[RM] 
r = 6.5 
re) Zh 
ee 
ate te ene 
‘A Hp a j 
CMe 
2 
pt ae ae om 
[Na ] 


The superscript (*) refers to concentrations measured in the 


presence of resin. Rearranging equation 6.5 gives: 
[RM] 
[mM?*] = —— 6.8 
O 


This equation is used to calculate free metal ion 
concentrationssant ais Gacesane The way- fn) which equation 6.8 
is used, however, varies according to whether a batcehs,0oy 


flow through method is used. 


6.1.2 Assumptions 

Four assumptions are made in the use of equation 6.8. 

Assumption 1. All blank, standard and sample solutions 
are "swamped" with the same concentration of inert 
electrolyte. 

Addition of a large excess of electrolyte to all 


blanks, standards and samples is required to provide the 
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same [Nat], and therefore the same et for M@+. Since 
dissolved salt concentrations in sewage are typically less 
than OFOl MN (W.P.C-P. 1977), a concéntration of > 0.1 M 
added electrolyte is sufficient to "swamp" the system. 

While the need to "swamp" the electrolyte present in 
the initial sample provides a practical lower limit to the 
amount of electrolyte added, an upper limit is imposed by 
the desire to retain a high selectivity of the resin for the 
divalent cation mM2+ over monovalent cation MLt, and also to 
minimize electrolyte sorption of anionic nickel-ligand 
species. Raising the ionic strength, », of sewage samples 
will alter M2+ concentrations somewhat because of its effect 
on ionic activity coefficients of metal and ligand 
species. Where suspended colloidal particles are present, a 
change in p may also alter the amount Or m2+ adsorbed to 
them (Guy and Chakrabarti, 1975)": Calcurations stowed that 
these effects will normally bring about changes in met 
concentration of less than one or two-fold. 

Assumption 2. Equivalents of resin exchange sites are 
much greater than equivalents of sample metal ion sorbed 
onto the resin at equilibrium, i.e. PRN o> [RoM]. 

In the batch method, both the use of a sufficiently 
large weight of resin and the choice of ionic strength, i.e. 
concentration of NaNO3, guarantees the valrartcy Of sears 
assumption. In the flow through method, [RoM] is controlled 
by the ionic strength. Taken together, Assumptions 1 and 2 
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can be considered constant (Helfferich, 1962). 

Assumption 3. The only species of the sample metal 
that is sorbed onto the resin is M2t , 

This assumption is not likely to be rigorously met 
because cationic metal complexes possessing equal or lower 
charge than the free metal ion, such as ML* and M(NH,)<", 
will also undergo ion exchange (Fronaeus, 1951; Helfferich, 
1962). Assumption 3 is common to all ion exchange speciation 
methods when applied to real samples of ill-defined 
Composition.  ftyis laikely,to_lead.to relatively small 
errors for two reasons. First, in complex aqueous samples 
such as municipal sewage in which the pH is generally higher 
than 7, the principal ligands are likely to be polydentate 
and/or to.carry a multiple negative charge. Consequently, 
cationic metal-ligand species are unlikely to represent a 
Significant fraction of the metal concentration except in 
unusual samples containing high concentrations of neutral 
ligands such as NH3. Typically, [NH3] is less than Toma 
(Wap <Cek.g L977). Second, the exchanger generally has a 
lower affinity for species of lower charge Cemci, (EOL ML* 
compared to mM2t), especially at low ionic strength 
CRohiitess eva. alo, fi ene liberich, 1962; Schubert and 
Lindenbaum, 1952). 

Sorption by the exchanger of neutral species containing 
the metal ion of interest (e.g. MLy) and of co-ion species 
(e.g. ML) is also ignored as a consequence of 


Assumption 3. This is reasonable since nonelectrolyte 
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sorption and electrolyte sorption are much less favored 
processes than ion exchange even at solution ionic strengths 
as high as 0.3 M. 

Assumption 4. No L-containing species (e.g. HL) are 
sorbed onto the resin. This assumption only applies to the 
batch method. 

The effect of this type of sorption is to cause the 
free ligand concentration, [L”], to be dependent on the 
weight of resin used in the batch method. This assumption 
is probably valid because ligands are likely to be 
negatively charged at pH values commonly found in municipal 
sewage, and uncharged ligands, such as NH3, are present at 
low concentrations (refer previous discussion about 


Resumption 3)": 


6.1.3 Batch Method 

The total (formal) concentration of a metal, which 
includes all metal-containing species, is first measured in 
the sample solution. A known volume, V, of sample is then 
equilibrated in a flask with a known weight, G, of resin in 
the Na-form, and the total metal concentration is again 
measured in the solution phase. Using symbols as defined in 
Section 6.1.1, the total moles of metal, Ty, and ligand, 1), 


in the flask are given by the following expressions: 


2+ * * * 
Ege gied mia [ML] oV + [RMI "G 6.10 
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UES 
(ieee)? ee [ML.)*V 6.11 
ede * 
a =) wl slirehs 4* Vek 2[ML, ] °V 6m 2 


where Ty,s is total moles of metal in the. resin- 
equilibrated sample solution; and 
TM,R is moles of metal on the resin. 
A species-independent distribution ratio, A, of the 


metal can be calculated using the expression: 


Ty, R/S 


IN = a brett OSs 


where Ty,5 is known from the total metal concentration 
determined in the sample solution after resin 
equidlibration;--and 
as is obtained from equation 6.9. 

The value of the free metal ion distribution 
coefficient, Not is calculated in a similar manner to A by 
performing the above-described measurements on a metal 
containing solution in ce absence of any ligand (i.e. where 
all of the metal in solution is free). In this case 
= do? 

Three cases can be distinguished based on the degree of 
metal ion buffering in the sample solution (Fulton and 
Kratochvil, 1980). 


Case 1. If the formal concentration of ligand is much 


larger than that of metal and if most of the metal is 
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present in the form of labile metal-ligand complexes, then 
the solution is well buffered with respect to the free metal 
ion. The relatively small amount of metal taken up by the 
ion exchanger does not alter cmM2ty Signiticantly from Ets 
initial concentration in the sample. mten's| SofLcourse, the 
free metal ion concentration in the original sample, [M27], 
which is the object of the study in every case. 

Case 2. If the formal concentration of ligand is much 
larger than that of metal, but the metal msunots Largely 
present as labile complexes, the solution is not well 
buffered in metal ion. Under these conditions Ty, = fas Ne VE 
Furthermore, A’ is a constant and for the simple example of 
complexation chosen for illustration in equation. Galy Lt is 


given by: 


[RM] 


[M?*] + [ML] 


x 
[RM] 


or 


cm?*y" + [ML] 


Substituting for [R 2M] and [ML] from equations 6.5 and 6.3 


respectively, gives: 
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Equations 6.14 and 6.16 can readily be generalized for cases 
where additional ligands and complexes are also present. 
Except where polynuclear complexes are present, h Will ‘serie 
be a constant. 

The free metal ion concentration measured in the 
presence of resin, [M2+}*, can be related to the free metal 
ion concentration in the absence of resin, [M2t}. 
Substituting for the terms [ML51" and [RoM]™ in equation 
6.10 using equations 6.3 and 6.6 respectively, gives: 


Ty = Cae Sle Vid (p,tM**] [n7a?)-¥ + (agsEM?* 1") +6 Gale 


Rearrangement of equation 6.17 yields: 


IN 
-.2 re) 
(Dip ER eltiet x 


= 2G 6.18 
BM M M 


Further, substitution for {1 + B abla") from equation 6.16 


gives: 


Equations 6.18 and 6.19 show that thenfiestlterm om ythe 
right hand side is a constant, i.e. independent of G. The 
value of this term is obtained by substituting for Ty, Ls 
and »} from equations 6.10, 6.5 and 6.14 respectively, and 
setting G equal to zero, i.e. ae ae = Med when G = 0. 


Hence, [M2t]* is related to [M2+] according to the following 
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equation: 


Equation 6.20 demonstrates that 1/[m2*+]* is a linear 
function of G. In this case, where the solution is not well 
puffered in metal ion, the resin added takes up enough metal 
to perturb the equilibria existing in the initial solution, 
causing the M2+ concentration in the presence of resin to be 
lower than in the initial solution. The reciprocal of the 
imtercept of “the limearr plot of 1/(m2+J* vs G is the desired 
quantity, [M2t]. 

If only highly inert complexes are present, the 
solution is totally unbuffered in mM2* ana equation 6.20 will 
still yield a linear plot with intercept equal to 1/[M2*]. 
When the solution is well buffered in metal (Case 1), the 
second term on the right hand side of equation 6.20 
disappears because the amount of metal Staken “up “by “the 
resin, [R5M], is negligible. 

Case 3. If the formal concentration of ligand forming 
labile complexes is not much larger than that of metal, then 
not only is the solution poorly buffered inemetal on burt 
also x is not a constant. An expression for [L7~] can be 
obtained by substituting for [ML>]* in equation 6.12 from 


equation 6.10: 
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‘ : * ‘ 
Substitution dier (M2*] from equation 6.6 and rearrangement 


gives: 


Hence, when this expression for [L7-]* is substituted into 


equation 6.16: 


No 


= C—O 
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N 


# constant, because Gied) depends,on,.G,(in,contrast.to 
Case e2): 
Sho 
Consequently; a plot of 1/ OMS) deavseGrwrllanotabe 

Minese. it will, however; approacm linearity at low G and 
the ittterceptewhll) still«be 1/[m2t], pPeovidedithat Gaaspnot 
so small that Assumption 2 is no longer valid. A bua vy tal 
example of this case exists when there is mo Jigand present 


in the sample, in which case equation 6.20 is valid. 


6.1.4 Flow Through Column Method 

The column equilibration experiment involves passing 
the sample solution through a known weight of resin in the 
Na-form until the total metal concentration in the effluent 
is identical to that in the column influent. The resin is 
thus brought to equilibrium with the unperturbed initial 
sample solution. “That 1s, the sample solution in contact 
with the resin at equilibrium has not had any mM2* ions 


removed from its labile complexes by the resin. Passage o£ 
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additional sample solution through the resin makes no 
further change. The concentration of metal retained on the 
resin is subsequently measured after elution with acid. 

In this method, equation 6.8 can be used as it stands 
Since the measured cm2ty is independent of the weight of 
resin. It does not matter whether the sample solution is 
well buffered or not, or even whether there is an excess of 
ligand »over thedamountsoftmetaly wPolynuclearycomplexes are 
accommodated as well as any type and number of other metal- 
ligand complexes. Only Assumption 3, regarding the sorption 
by the resin of cationic metal containing complexes, cannot 
be assured. However, this effect is likely to be relatively 
small for the reasons previously given (refer Section 
Gebw.2) 

The value of Se is measured by substituting a metal 
solution of known concentration containing no ligands for 


the sample solution. 
6.2 PROCEDURES 


6.2.1 Choice of Electrolyte and Model Ligands 

Sodium nitrate was chosen as the "swamping" electrolyte 
because nickel complexation by nitrate is negligible 
(Vog) 8 = 0.45 for “formation of NiNO3” at zéro ionic strength 
(Smith and Martell, 1976)). 

Glycyl-L-alanine (gly-ala) and EDTA were used as model 
ligands. EDTA was chosen because it quantitatively forms 


only one nickel complex, Niy27, even at very low EDTA 
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concentrations. When EDTA is present in substoichiometric 


amounts the wi2t 


concentration is totally unbuffered. 
Gly-ala was chosen for three reasons: 

heidtsttormation constants with|nickeL! forthe 
formation of NiLt and NiLy complexes bracket those expected 
in municipal sewage (Beers, 1979). At »p = 0.10 M, log Paes 
4.08 and log B. = 7287. (Martell tandeSmiths, (1974) x 

Davineracadudadmssoctations constantsfofeghy-ala (pK, = 
36.07, © pKk5-=76.12 (Martellaand (Smithewig7 4) srveasuchethat 12 
provides pH buffering at the desired pH of about 8; and, 

3. Gly-ala forms NiL* and Nily complexes and can 
therefore be used to obtain some idea of the magnitude of 
the systematic errors in the measured value of Nitty 


resulting from the ‘presence of a NiLt complex. 


6.2.2 Batch Method 

Blank, nickel standard and gly-ala/nickel synthetic 
solutions were prepared using NaNO3 solutions of specified 
concentrations. The pH was adjusted by bubbling CO, through 
the solutions at a rate of about 20 mL/s for about 5 s per 
litre of solution and adding NaOH to achieve the desired pH 
of about 8.0. Edmonton sewage typically has pH values of 
7.6 to 8.5 (Brown, 1981). Specified weights of resin were 
added to 50.0 mL aliquots of the adjusted synthetic 
solutions in covered 125 mL conical flasks and shaken at 
room temperature for 4 h at 200 r.p-m. Solution pH was 
checked hourly and readjusted to the ord cama ltiva Luvern tye 


necessary. The clear supernatants were decanted from the 
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resin, acidified (1% HNO , by volume) and analyzed for total 
nickel (Ty,s in equation 6.9) by GFAAS. Other portions of 
the initial adjusted solutions, not contacted with resin, 
were acidified and analyzed for total nickel (Ty): Nickel 
sorbed onto the resin (Ty, R) was calculated using equation 
6.9. The value of 4 was obtained by substituting a 
Ni(NO3)5 standard solution for the synthetic solutions in 
the above procedure, including the pH adjustment. At least 
one resin-equilibrated blank (i.e NaNO 3) solution was 


carried along with each batch of samples. 


6.2.3 Flow Through Column Method 

The pH of solutions prepared in NaNO3 was buffered with 
CO5 and adjusted with NaOH to achieve the desired pH. The 
PH was 7.095 and 8.09 for the EDTA and gly-ala synthetic 
solutions respectively. One litre aliquots of the adjusted 
synthetic solutions were passed through ion exchange columns 
containing 0.300 g of resin at the rate of 6 mL/min. 
Experiments were done at room temperature and up to twelve 
columns could be used concurrently. The resin beds were 
subsequently washed with 10 mL aliquots of water to remove 
neutral and co-ion species. The last water was blown out 
Withes ldightetair ressuress The) nickel’ onthe resin’ bedswas 
then eluted with 50.0 mL of 2.0 M HNO3 and the eluates 
analyzed for nickel by GFAAS to yield directly the amount of 
nickel sorbed on the resin. The value of hy was obtained by 
substituting Ni(NO3)5 standard solutions for the synthetic 


samples in the above procedure with pH buffered at 7.09 or 
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8.09 as specified. One or two aliquots of blank solution 
Gite NaNO 3) solution were treated in the same manner as the 


samples and standards each time a run was made. 
6.3 RESULTS AND DISCUSSION 
6.3.1 Batch Method 


6.3.1.1 Choice of Experimental Conditions 

1. Adjustment of pH. 

Since pH controls the acid-base conjugate species 
distribution of weak base ligand components, it influences 


concentrations. For this reason, the pH of all blank 
and sample solutions was carefully controlled. 

An experiment in which 50.0 mL aliquots of 0.10 M NaNO3 
(unbuffered in pH, i.e. no CO» was added to the solutions) 
were shaken with and without 1.000 g resin for several 
hours, showed that pH values dropped from 8.09 (initially 
adjusted with NaOH) to as low as 6.] (Table Gis kedae 
Consideration of pKa data for carbonic acid (pK, = 6-3, 
pKy = 10.3 at zero ionic strength (Smith and Martell, 1976)) 
suggested that these depressions in pH were caused by 
absorption of atmospheric carbon dioxide by the samples 
being shaken. These data also showed that the resin had no 
effect on sample pH values. 

An unsuccessful search was made for a pH buffer with a 
pKa value of about 8 which did not complex nickel 
significantly. Salicylamide, p-acetylphenol and m- 


nitrophenol had appropriate pKa values, butenear Stablliey 


‘see 


ficionles. knetd Go as 


ity te eons a sie | asin 


aban <a otf Rare: woolen 


-_ 


_— be 
| | “Motaewera QUA ete. 
: ; thi ¥ : iam 7 : i mJ 
ut a 
a THEN tanoaleenst 3 3a sok LE 
ae! 20> pe t 
esso—yy SF enu, No Sarit sib stassncg + ola B a 
cannebni2ut > JoaTegass hnaped ie Stave 36 molgudl 
areal iis *t my et) poem gh? Bom! Sapot basazerhe 2 


het tendaee ot hodanes dee dgavkacios 
[0 to etovph le gil: Cie pede hie snamisenxe: 
6: 209 62 behead “et or. ie iL Hie al a igi 

(otewek 20%. alees. 9 NOEAE sunkste fine ol amt 
0.8 ma tegaoan dentate tats hence: 
@ sicter) (eatd@ajgok aaor Uicse nated 
6.0 4 patton se ana arr 20 tok 
s°O( diese, toe-teiee) duyiaraser-bno! ore, 22 Gut 
ve teelierars wii ate ik scarica eaatts toda D 
aedease eat ‘ut obi «it alten Siuadqacnte 206 
Dae ness arid row ‘iach eine sieb sasilT nesatecr 
| 7? -) ninemior Br siqmae 60 pen 7 
*-fiise sStfon i «4 <a y aay Soxane iptesesorery tAq : 
ieisie xe oa ake & syed. hadeapctel:- - 
ess camila owtsbtmeiics ihae. wvitnssitiagte:. | 
Yiiiiece ited3 see -eaciialt: tp eseknarmngs: bud tgainoreie + iy 


ar | scan a 


: : a 


7s 


hey 


Table 6.1 Effect of Shaking on Blank pH Values (Batch 


Method) 
Sample PH at Different Shaking Times 
Poh 1.25 4h 3.F5 Thanet 
0.10 M NaNO, G3 GZ Omi Gas 
0.10 M NaNO,+1.00 g 6.4 6.4 G3 63 
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constants for Ni complex formation were either too high or 
unknown. Glycyl-L-alanine also had an appropriate pKa value 
and known stability constants for Ni, and was subsequently 
used as one of the model ligands (refer Section Gigae ‘ss lars 

It was decided to provide pH buffering capacity by 
bubbling a little COj through all blanks and samples jclenlone 
to pH adjustment with NaOH. Mattigod and Sposito (LOUD) 
estimated overall log stability constant values of 6.87, 
WO oll wand 2a for the -formation of Nico, Nedeos) san and 
NiHCO3* respectively... The value,of 6.87) for the formation 
of NiCO3 is the same as that for the formation vot esolid 
NicCO3 given by Smith and Martell (1076). eintrinsic 
solubilities do not appear to have been taken into account 
by Mattigard and Sposito (1977) and consequently the true 
stability constants for Ni-(bi)carbonate complexes in 
unsaturated solutions may be several orders of magnitude 
less than the values given by these authors. 

In a later experiment using the flow through column 
method, no differences were found in La values measured at 
pH 7.09 and 8.09; These results suggested that the added 
CO5 did not affect Ni speciation in any way (refer Section 
Cen ee 

The addition of COz and NaOH was FOUN tO PCOntroOl sp” 
effectively; pH values of 7.89 to 8-49 were typically, 
measured in samples after the shaking period. 
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Containing tG.o02 x 10m °C be O.500 mg/L) Ni at pH 8.05 and 

0.10 »p were shaken with 1.000 g resin at 200 r.p.m. for 
periods of 30 min. to 8h. The supernatant was analyzed for 
nickel after the specified equilibration times. Table 6.2 
shows that the ion exchange reaction was very rapid (< 0.5 
h). A shaking time of 4 h was used in all’ batch studies to 
ensure resin equilibration with all types of samples. 

3. Quantity of resin 

Under the experimental conditions used, KrrR, [RNa] and 
[Nat] should all be constant. Thus, from equation 6.7, the 
value of ho should not change significantly when the 
quantity Of Yesin 1s varied. 

Varying weights of resin (0.100 to 3.000 g) were 
equilibrated with 50.0 mL aliquots of standard Ni solution 
idetnneimen 4 10m Muar 0.500 mg/L) in 0.10 M NaNO3 at pH 8.0o- 
Table 6.3 shows the measured do values for the various 
quantities of resin used. The average value of AG was Wap 
L/g with a standard deviation of 0.16 Pig. stoi isimsma la 
random error demonstrated that Assumption 2 (refer Section 
6.1.2) was valid irrespective of the weight of resin used 
between 0.100 g and 3.000 g, as long as the resin weight was 
accurately known. 

4. Ionic strength 

The effect of ionic strength, wp, was determined by 
equilibrating 1.000 g weights of resin with 50.0 mL aliquots 
Of Beo2ix 102° MMe 7500 mg/L) standard Ni solutions at 


pH 8.09 containing varying amounts of NaNO3 to give LOmLe 
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Table 6.2 Effect of Shaking Time on Equilibration (Batch 


Method) 


Shaking Time Nickel in Supernatant 


(h) (mg/L) 
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Table 6.3 Values of do as a Function of Weight of Resin 


(Batch Method) 


Resin (gq) h, (b/g) 
OXA1100 130) 
0.200 1.41 
0253100 alo 
0.401 een! 
04 500 ice. 
0.700 tO 
0.800 1237 
1, 000 ieee 
1.250 Le 60 
i SOM 1.64 
2.008 ae 
3.000 1.64 
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strengths of 0.010 to 0.500 M. 

Figure 6.1 shows the plot of distribution coefficients, 
hor against p. Nickel uptake by the ion exchanger decreased 
rapidly as »p increased because of competition by Nat ions 
for uptake. 

Ion exchange behaviour can be more rigorously examined 
by inspection of equation 6.7. A plot of AG VS: 1/[Nat]? 
(ae: paves) should yield a straight line of slope 
Kyp* CRNal*. Figure ©.2 Shows this relationship for the date 
plotted in Figure 6.1 fitted with the linear least squares 
begression lime of best fit. Activity coefficient 
corrections were not carried out because they could only be 
made for the solution phase and not for the resin. The 
slope + 1 standard deviation was (1.27 + 0.04) x 1072 
moles*/L*g and the intercept (0.07 + 0.10 L/g) was not 
significantly different from zero. The straight line 
relationship verifies the assumptions of "trace" conditions 
of ion exchange (refer Section 6.1.2) for the weight of 
resin and’/range of®ionic strengths used. 

It was considered that an added electrolyte 
concentration of > 0.10 M was sufficient to "swamp" sewage 
samples (refer Section Gul 2 eee DOC LID Ge ce 
concentrations of 0.10 M were used im forder #to. Obtain 
optimum nickel uptake, miminize changes in onic achaovrey 
coefficients caused by added electrolyte, minimize 
electrolyte sorption and retain a higher Selectivity of Ene 


resin for Ni2+ over monovalent NiLt species than would occur 
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Figure 6.1 Plot of A. vs. p (Batch Method) 
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with higher ionic strengths. The results of the previous 
experiment in which the quantity of resin was varied also 
Verifies that an ionic strength of 0.10 M was sufficient to 
ensure trace conditions. 

5. Summary of Experimental Conditions 

The experimental conditions used for the batch method 


were: 


I 
un 
oe) 
O 


Sample volume (mL) 
Weight Of resin (gq) = 0.500 or 1.000 
p (M) me LO) 


Shaking time (h) 4 


6.3.1.2 Measurement of Ls 
The value of Lr was obtained by measuring the ion 
exchange uptake of nickel from a series of standard 


2+ concentrations 


solutions containing no ligand in which Ni 
ene Aria Lenomeo sso an Pome (0 050mg /L) to6252 xy 107 eM. 
(5.00 mg/L). One gram weights of resin were used and sample 
pH values at the end of the shaking time were 8.29 + 0-29 PH 
units. 

Figure 6.3 shows a plot of nickel on the resin, RNi, 
against total nickel remaining in solution (i.e. Cwi2t]) at 
the end of the equilibration time. The slope, i.e. AU, was 
calculated by linear regression analysis to be sla deme 
-6 


0.03 L/g and the intercept was (0.04 + 0.04) x 10 moles/g. 


This value of A was the same as that previously obtained in 
the experiment in which the weight of resin was varied 


(refer?Section 6.o.l7l)2"" The linearity of the data also 
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RNi (moles/g, X 10°) 


0 1.0 2.0 50) 


Total Nickel (M, x 10°) 


Figure 6.3 Nickel on Resin, RNi, vs. Total Nickel in 


Solution for Standard Nickel Solutions (Batch Method) 
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verified that "trace" experimental conditions were 
maintained for a large range of nickel concentrations using 
HeO00 8G Of resima and O-10 M ionic Strength solutions. 

The analytical error in hy was estimated by shaking 12 
replicate standard solutions containing 8.52 x 103° M (0.500 
mg/L) Ni2+ with 1.000 g weights of resin at pH 8.25. These 
results are shown in Table 6.4. A mean value for AG Of 
1.62 L/g with a standard derivation of 0.15 L/g was 


obtained. 


6.3.1.3 Measurement of Cwi2t] in a Synthetic Solution 

The concentration of Ni2t, CNi2ty, was measured in a 
synthetic gly-ala solution containing 1.70 x RO aC O OO 
ma/th) total nickel and 1.00 x 107° M (140 mg/L) gly-ala at 
pH 8.2, employing a range of resin weights, G, £rom 0.100 to 
mIOCOFG.: Lhe plot. OF 1/[wi2+}* versus G should, according co 
Bouation 6.20, yield a stramgnt line with a slope of Nol 
and an intercept equal to the reciprocal of the Ni2t 
concentration in the unperturbed synthetic solution, [nNi2t]. 

Figure 6.4 shows the plot of 1/[ni2t]* against G. 
These data yielded a linear plot with a slope calculated by 
linear regression of (1.78 + 0.04) x 107 L/mole*g and an 
intercept of (0.54 + 0.04) x 10/ L/mole. 

The measured slope was in very good agreement with the 
value of T.y7- x 10/7 L/mole*g predicted from equation 6.20 
using te ole oer nese xper imental [Ni2t] of 


(hie Giat> OC 2s 10-7 M was almost 2.5 times higher than the 


concentration of (7 + 2) x 1078 M predicted using the pKa 
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Table 6.4 Replicate h, Values (Batch Method) 
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Figure 6.4 Data for Gly-Ala Synthetic Solution Plotted to 


Obtain [Ni2?*] (Batch Method) 
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and 8B values from Martell and Smith (1974) as given in 
Section 6.2.1. 

The major sources of error in the predicted C[Ni2*] £or 
this ligand system are the uncertainties in pH measurements 
and in. the pka andge values. The relative errors (Sa 
standard deviation), using + 0.05 in pH measurements, + 0.03 
and +°0-02 forgpka and pKa respectively (Martell and Smith, 
1974), and 9 and 18% for By and 8B» respectively (Sychev and 
Mitsul, 1967), are about 12% from pH measurements and 24% 
from the constants giving a total relative standard 


deviation of about 36%. 
6.3.2 Flow Through Column Method 


6.3.2.1 Choice of Experimental Conditions 

iL. ionic Strength 

Successive aliquots of 1.70 x 10-7 M (0.010 mg/L) and 
5.11 @ 107° M (0.300 mg/L) wi2t+ standard solutions, prepared 
in O4L0, 0.20) and 0.307 MeNano>, were passed through 0.300 g 
resin columns. These aliquots were analyzed directly with 
GFAAS. Figure 6.5 shows ratios of total Ni in the 
effluent/total Ni in initial standard Soluciompec,/ Cyr es 4 
function of sample volume for all the solutions used. 

Resin equilibration was achieved for both wi2t 
concentrations after the passage of about 200 mL and 500 mL 
of 0.30 M NaNO3 and 0.20 M NaNO3 solutions respectively. 


Complete equilibration was not achieved with the 0.10 M 


NaNO3 solution after 2L had been passed through the resin. 
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Figure 6.5 Breakthrough Curves for Nickel Standard Solutions 


at Various Ionic Strengths (Flow Through Method) 
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All subsequent column experiments were conducted using 
solutions adjusted to 0.20 M NaNO3. 
2. BluUbing Acid 


Elution profiles for Ni2t 


sorbed on 0.300 g resin were 
measured using 1.0, 2.0 and 4.0 M HNO3 as eluant (Figure 
6.6))% 

Quantitative elution was achieved with 40 mL of either 
2.0 or 4.0 M HNO3 and with 70 mL of 1.0 Meacid. In 
subsequent studies, 50.0 mL of 2.0 M HNO3 was used for 
elution. 

An experiment was carried out to determine whether the 
glass wool used to support resin in the columns affected 
analytical results. One litre volumes of blank solutions 
(0.20 M NaNO3) were passed through two columns containing 
0.300 g resin retained by a plug of glass wool and 1 L 
aliquets: of 8352 x TO MoCo’. 0505 mg, 1) Ni2* in 0.20 M NaNO3 
were passed through two columns containing only glass wool 
plugs. All columns were eluted with 50.0 mL of 2 M HNO3- 

Table 6.5 shows GFAAS absorbance values measured for 
the four acid eluates. The absorbance values were the same 
for all four samples showing that the glass wool neither 
removed nickel from sample solutions nor contributed nickel 
to-acid eluates. 

3. Summary of Experimental Conditions 

The experimental conditions used for the flow through 
column method were: 


Sample volume (mL) = 1000 
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Table 6.5 Effect of Glass Wool Plug in Columns (Flow Through 


Method) 
Column 1 Z 2 | 
Resin (g) 0.300 0.300 None None 
Sample Blank Blank Nave? Noes 


Absorbance 0.024 0..023 O72 0.23 OO Ze 
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Weight of resin (g) = 0.300 

» (M) = 0.20 
Volume (mL)/concentration (M) 

of eluting acid = 5 Oe O72 10 


6.3.2.2 Measurement of Me 
Two experiments were carried out to accurately 
determine hos Each involved the passage of replicate 8.52 x 


fo-? (0.050 mg/L) standard nickel solutions through resin 


columns. One experiment was carried out at pH 8.09 and the 
other was at pH 7.09. The experiments were carried out at 
2- 


two pH values to check whether OH™ and CO3 complexes of 
nickel were formed at pH 8.00. 

The results for these experiments are tabulated pel 
Table 6.6. The data at pH 76.0, include results from two 
batches of resin: one was prepared prior to starting 
development of the batch method and the other was prepared 
prior to using the flow through method forwanalysis Of 
sewage samples (Section 7.4). Although Ln values carried 
out at pH 7.05, were a little lower than those at pH 8.00, 
the pH 7.09 values agreed with those at pH 8.09 at the 95% 
confidence level. These results suggest that OH and een 
nickel complexes can be ignored. The pooled average 
of iQ for all the data in Table 6.6 was 0.53 + 0.03 iy Gg. 
The minimum detectable concentration (MDC) of nNi2t, 


using 20 pL injection volumes to the AAS furnace, was 


estimated by passing twelve 1 L aliquots of blank solution 
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Table 6.6 Means and Standard Deviations for Replicate ro 


Values (Flow Through Method) 


S20 20 0. 545+400.03 
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(i.e. 0.20 M NaNO3) buffered at pH 8.09 through twelve resin 


2+ in the usual manner. 


columns and analyzing each for Ni 
The spectrophotometer was zeroed on the empty furnace. 
Concentrations ranged from 1.29 x 1078 to 2.14 x 10-8 Mm 
(0.0008 - 0.0010 mg/L) with mean and standard deviation 
Values of (1.780 £°0.21) x 10-8 . The MDC was taken to be 
twice the standard deviation and had a value of 4 x 107? M 
or 0.0003 mg/L. An identical value was obtained when eluate 
from one of the twelve columns was injected 36 times, 
suggesting that the scatter in blank absorbance values is 


associated with instrumental "noise" rather than with 


variation in the nickel eluted from blank resin columns. 


6.3-2-3 Measurement of [Ni2*] in Synthetic Solutions 

Three experiments were conducted to measure CNi2t] in 
synthetic solutions using EDTA and gly-ala as model 
ligands. These experiments were conducted at the following 


pH, total nickel and total ligand concentrations. 


Experiment ib 2 3 
Ligand EDTA EDTA gly-ala 
Totals Ni, conc. 1.70x107© Mp TOs HO pn! M 1.70x10-© M 
Totals ligand “conc. 8.52x107/ M 8.52x1078 M 1.00x107? M 
pH 7.09 7.069 8.05 


Both EDTA solutions were unbuffered with respect to free 
nickel whereas the gly-ala solution was well buffered in 


free nickel. 
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The mean + 1 standard deviation values for these data 


2+ concentrations in Table 


are compared with calculated Ni 
a7 In calculating the fractions of nickel present. in 
various forms at p = 0.20 M and pH = 8.05 (ony = 0.087 + 
0 5037 Onspt = 0. 29074240. 10)5 starting twith equitibrium 
constants given for p = 0.10 M (Martell and Smith, 1974), 
single-ion activity coefficients were calculated with the 
extended Debye-Huckel equation assuming an ionic size 
parameter of 3 x 1078 cm for all ions (Laitinen and Harris, 
1975). Further refinement of these calculations seemed 
unjustified in view of the Marge errors in By and B 5 given 
py Sychev and Mitsul (1967). 

The mean CNi2t] measured in the first experiment with 
BDIA as the ligand (8.55 x 1077 m) was in excellent 
agreement with the calculated concentration of 8.48 x 
10m) M. Agreement between the measured and calculated wi2t 
concentrations for a ten-fold lower concentration was still 
quite aceeptible (calculated pNi = 7.07, measured pNi = 
6.92) considering the low concentration and the potential 
systematic errors resulting from adsorprzom CE nickel or 
EDTA onto glassware. 

The calculated and measured [Ni2+] for the gly-ala 
solution agreed within + 2 standard deviations. 

It is interesting, in comparing these gly-ala results 
with those from the batch method, that the measured CNi2*] 


was slightly more than twice as large as the calculated 


cCnNi2t] in both cases. This may reflect a systematic error 
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Table 6.7 Summary of Data for Synthetic Solutions (Flow 


Through Method) 


Experiment n Ligand Calculated[Ni?*] Measured[Ni?*] 
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in the values used for the formation constants. Although 
the authors reporting these values indicate an uncertainty 
of only 9% (Sychev and Mitsul, 1967), which is the 
uncertainty used in estimating the error in the calculated 
Cni2td, Martell and Smith (1974) consider the B 5 value to 
be "questionable". The close agreement of the Batvuo .oF 
measured and calculated [Ni2+] obtained by the flow through 
method at p = 0.20 M with the same ratio obtained by the 
batch method at p = 0.10 M suggests that uptake of the 
species NiLt is negligible. If it were not, then uptake of 


NiLt would have produced a higher ratio at » = 0.20 M. 
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7. MEASUREMENT OF FREE NICKEL ION CONCENTRATIONS IN SEWAGE 


The results of meaSuring free nickel ion concentrations, 
[Ni?*], in Edmonton sewage samples using the batch and flow 
through column methods are presented in this chapter. Free 
nickel ion concentrations were measured to determine their 
magnitudes in sewage as well as for the determination of 
complexation capacities. Sewage samples were centrifuged 
prior to analysis for [Ni?*] to prevent suspended material 
from) clogging the resim. The results from a sStudy@to assess 


Suitable centrifugation rates are also presented. 


7.1 SEWAGE COLLECTION 
Grab samples of raw sewage and primary effluent were 


collectedicirom) the positionsnshown in Figures .1. 


7.2 EVALUATION OF SAMPLE CENTRIFUGATION RATES 

The previous use of filtration through 0.45 pm membrane 
filters in this research program showed that filtered nickel 
results were particularly prone to severe contamination even 
though filters were carefully acid washed (refer Section 
5.2.3). Sample centrifugation was investigated as a means of 
removing particulate matter. Aliquots of the same sample 
were centrifuged at various speeds (1600 x g to 48 300 x g) 


for 15 min and analyzed for total copper and nickel after 
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pressure digestion. Table 7.1 shows the results for copper 
and nickel from three samples. 

These results show that, in contrast to copper, nickel 
exists predominantly in the soluble phase (as operationally 
defined by speed of centrifugation). The centrifugation 
speed only had a slight effect on nickel concentrations. 
Copper concentrations, on the other hand, were greatly 
affected by the speed of centrifugation and even 
e€éntrifugation at 48 300 x @ did not removevas much 
particulate matter as filtration through 0.45 pm membrane 
filters. 

Samples were consequently centrifuged at 12 000 to 


Tomou0ex cefor 15 Min prroreto analysis for [Ni**). 


7.3 USE OF THE BATCH METHOD 


7.3.1 Measurement of [Ni**] 

Samples were centrifuged and NaNO, was added to a final 
concentration of 0.10 M. The pH of blanks and samples were 
adjusted to the initial pH of the particular sample with CO, 
and NaOH. Blank (i.e. 0.10 M NaNO,) and sample aliquots of 
50.0 mL were then shaken with several weights of resin as 
described in Section 6.3.1. Supernatants were acidified and 
digested before analysis for total soluble nickel. 

Table 7.2 shows GFAAS absorbance values measured in the 


Supernatants of sewage samples equilibrated with various 
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Table 7.1 Nickel Results from Centrifugation and Filtration 


Studies 
Sample Treatment ‘?? Concentration (mg/L) 
(Date) ‘') 
Cu Ni 
Raw sewage None 0.040 0.018 
2-781) b 0.006 0.011 
E 0.004 C0714 
Primary effluent None O03n ORUiee 
(7 -4-Gii) a 0.008 Gr. O25 
b 0.008 0.023 
Pubtrravien?? @:9'02 Gonvanso2 
Primary effluent b O7.0:22 
i646 1) & On .022 


(1 Date of sample collection 

(2 Vetters refer to centrifugation speeds as follows: 
aio Z0O sep .m.. 4.1600 x9) 
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weights of resin. There seems little doubt that the nickel 
Signal was enhanced as the weight of resin was increased. 
This positive interference was large and absorbances 
measured in the samples after equilibration with resin were 
larger than those measured before contact with resin. The 
low blank absorbance values showed that the interference was 
not caused by nickel being released from the resin during 
the equilibration period. 

Aliquots of the raw sewage and primary effluent samples 
(Experiment 2, Table 7.2) were also used to check for the 


presence of interferences (Section 7.3.2). 


7.3.2 Interference Studies 

Possible interferences in GFAAS have been summarized in 
Section 4.3.3. 

The presence of background absorption was tested by 
analyzing a blank sample (i.e. 0.10 M NaNO, + 1% (by volume) 
HNO,), a Standard nickel solution (0.020 mg/L in 0.10 M 
NaNO, + 1% HNO,) and an aliquot of the acidified raw sewage 
Supernatant used previously. These samples were analyzed 
twice as follows: (i) the deuterium background (BG) lamp at 
the nickel absorbing wavelength (232.0 nm) was used to 
detect whether broad-band absorption was occurring; and, 
(41) the nickel source together with the deuterium lamp 
(AA-BG) was used at a nickel non-absorbing wavelength 
(229.2 nm) to determine whether the deuterium lamp was 


providing adequate correction for any background absorption. 
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Table 7.2 Nickel Absorbance Values for Sewage Samples 


Equilibrated with Various Weights of Resin (Batch Method) 


Experiment Sample Resin (g) Absorbance 
1 Blank ORO 00 0.30.05 
Primary effluent 0 0.024 
Gia20'0 ORG29 
Om500 02039 
1. O00 OAS 
1.500 0.088 
2.000 O10 
2 Blank O00 OF 010 1 
Raw sewage 0 0.066 
07200 ORUGS 
O2,500 Ori 
000 0160 
Primary effluent 0) @=S079 
02200 OO 
500 ORAZ 2 
1.000 On 236 
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The measurement of zero absorbances demonstrate that 
background absorption is being compensated for by the 
Geuterium lamp. 

Table 7.3 shows GFAAS absorbance values using the 
wavelengths and lamps described. Background absorption 
Sccurred, for all the samples. The fact that if also oceurred 
for the blank and Ni standard solutions suggests that it was 
not caused by organic matter but by sodium nitrate. The 
background absorption was, however, well compensated for by 
the deuterium background corrector. 

In order to determine whether the positive interference 
could be overcome by the method of standard additions, 
Standard nickel spikes were added to sewage samples which 
had not been contacted with resin, and samples which had 
been equilibrated with various weights of resin. The samples 
used were the same as for the second experiment presented in 
Tables « 

Table 7.4 presents nickel recoveries obtained for this 
experiment. It is evident that quantitative recoveries were 
achieved for samples which had not been equilibrated with 
resin and that incomplete nickel recoveries occurred in 
samples after resin equilibration. Furthermore, there was 
Some indication that the extent of this interference 
increased as the weight of resin increased. These results 
showed that the added nickel behaved in the opposite manner 
to the apparent original nickel (which appeared to increase 


as the weight of resin increased). The method of standard 
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Table 7.3 Results Obtained to Determine the Presence of 


Background Absorption (Batch Method) 


Sample‘'? Wavelength (nm) Lamp(s) Absorbance 
a Zot. 0 BG Uy iS) 
b 2320 BG 26 
e 2520 BG RES OX: 
a Zoe 2 AA-BG 0.000 
b Ce ee AA-BG 0.000 
e OR Shy AA-BG Or 0 0: 


mie Samples are:’ a. 0. 10*My NaNO, + HNO, (1% by volume? 


be 0.020 mg/L Ni. prepared im, 0-210 M NaNO, 
+ HNO, (1% by volume) 


c. Raw sewage supernatant + 0.10 M NaNO, 
+ HNO, (1% by volume) 
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Table 7.4 Nickel Recoveries from Spiked Sewage Samples 


Before and After Equilibration with Resin (Batch Method) 


Sample Standard Resin Recovery (mg/L) 
Addition 
(mg/L) (g) Before equil. After equil. 
Raw 0.010 0 Ce ie! 
sewage 0.200 0.008 
07500 0.004 
1.000 0. 007 
0.020 0 OF 048 
OZ 00 02042 
02500 
70.0.0 v0 08 
Primary 05070 0 0.010 
effluent OeZz00 0. O06 
500 0.008 
1.000 0.004 
Ue 0Z0 0 0 O19 
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additions was not applicable to overcoming the positive 
interference meaSured in samples equilibrated with resin. 

In the final experiment to elucidate the interference, 
excess EDTA (0.02 M) was added to centrifuged ear sewage 
samples which had and which had not been equilibrated with 
resin. These samples were not acidified prior to analysis 
Por nickel and 0.02°M EDTA solutions Iniwater were used as 
the GFAAS blanks. The purpose of this experiment was to 
determine whether EDTA would complex the constituent(s) 
Causing the positive interference, thereby eliminating it. 
The experiment was also run in duplicate using aliquots of 
the same samples acidified with HNO, (1% by volume) instead 
of adding EDTA. 

Table 7.5 shows absorbance values for the samples used. 
Absorbance values for the samples with EDTA were higher than 
for the corresponding acidifmed samples. The presence of 
chlorides, nitrates and sulphates have been demonstrated 
many times to suppress GFAAS signals for various metals 
(Czobik and Matousek, 1978; Guevremont, 1980; Hageman 
et al., 1979), and EDTA has been effectively used to 
eliminate this type of matrix interference (Guevremont, 
1980: Matsusaki et a/]., 1979). Sample absorbances also 
increased in the presence of EDTA as the weight of resin was 
increased, although to a lesser extent than in the acidified 
samples. 

In summary, the enhancement of nickel signals observed 


when sewage samples were equilibrated with resin in the 
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Table 7.5 Nickel Absorbance Values for Raw Sewage Samples to 


which HNO, and EDTA Were Added (Batch Method) 


 ————— 


Sample Resin (g) Absorbance 
HNO ; EDTA 
Before equilibration 0 Oo sU 0.414 
After equilibration 023 0,0 Oe 0.450 


e900 0.426 0.462 
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batch mode was symptomatic of spectral or matrix 
interferences. It could not be prevented by using the method 
of standard additions or by modifying the matrix by the 
addition of excess EDTA. Sorption of L-containing species, 
such as HL, onto the resin (refer Assumption 4, Section 
6.1.2) can cause the value of } to increase as the weight of 
resin is increased, with a possible increase in 

7 JN (veter equations in,Section 6.1)<)Howeyer, this 


M,S 
effect cannot cause Le aoe to be greater than ee as was 
/ 
observed (refer Table 7.2). These conclusions invalidated 
the use of the batch method for measuring [Ni**] in Edmonton 


sewage and prompted the use of the flow through method. 


7.4 USE OF THE FLOW THROUGH COLUMN METHOD 

Partway through the sewage work it was necessary to 
prepare a new batch of resin. It°was also felt that the use 
of 1 L samples for the flow through method would require the 
centrifugation of prohibitively large volumes of sewage for 
the determination of complexation capacities. The new resin 
and the effect of scaling the flow through method described 
in Section 6.2.3 down by 50% were tested by using 500 mb 
sample volumes, resin weights of 0.100, g and 20.09 mL acid 
eluant volumes. Replicate standard nickel solutions of 
8.52 x 10-7 M (0.050 mg/L) at pH 8.0, were used to measure 
ns values using these "scaled down" conditions. The mean and 


standard deviation for ho Using emrepl caves Was 
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On53 et 70 h03en/o pewhich Was sidentical:withethe valuexof 
0.54 + 0.03 L/g previously obtained with 1 L sample volumes 
and 0.300 gq resin’ (refer Section 6.3.2.2) 

Hence 1 L or 500 mL centrifuged sample aliquots, 
buffered at the original sample pH with CO, and NaOH, and 
containing 0.20 M NaNO;,, were passed through columns 
containing 0.300 g or 0.100 g weights of resin respectively. 
The resin was eluted with 50.0 or 20.05 mL HNO; 
respectively, and analyzed for nickel as described in 
Section 6.3.2. lh. 

Organic matter is known to irreversibly foul ion 
exchangers causing losses in ion exchange capacity (Kunan, 
1963). In order to demonstrate that no organic fouling of 
the resin occurred during the passage of centrifuged sewage, 
three different volumes of the same centrifuged and spiked 
raw sewage sample were passed through three columns | 
containing the same weights of resin. Samples were spiked 
withe 4.0768x%. 10> °OM) (0.250 )mg/L) ¥Ni, @resin weights one Os ei) xe 
were used and the sample aliquots used were 500, 1000 and 
1500 mL. 

Table 7.6 shows the results for this experiment. The 
mean and standard deviation values obtained for [Ni’*] were 
(6.1 + 0.25) x 10°? M and no trend was observed with 


increasing volume of sewage. 
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Table 7.6 Results from Passing Various Sample Volumes 


Through 0.100 g Weights of Resin (Flow Through Method) 


Volume (mL) ENE) 
M,x10’ mg/L 
500 CG. 0.036 
Oi 0.036 
1000 6.4 0.038 
Sis. 0.034 
iponene 5.6 0.034 
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7.4.1 Measurement of [Ni?*] 

Table 7.7 presents total and free nickel ion 
concentrations meaSured in grab samples of Edmonton sewage 
collected during late 1981 and early 1982. 

Nine of the samples contained no free nickel eee < 
4x10°° M) and in the other samples, [Ni’*] represented 6% or 
less of the total soluble (i.e. centrifuged) nickel. 
Evidently nickel was strongly complexed in these samples, 
suggesting that Edmonton sewage contains a high 
concentration of ligand(s) and/or very strong ligand(s). In 
Contrast to the uniformly negligible [Ni’?*] in these 
samples, considerable variation was evident for the total 
nickel concentrations in both the uncentrifuged and 
centrifuged samples. These total nickel results also confirm 
the conclusion drawn from Table 7.1 that nickel exists 
predominantly in the soluble phase. Indeed, in one of the 
Samples icoliecteds (1972-82) Fealbl*ofsthe nickel appeared to 


be soluble. 


7.4.2 Measurement of Complexation Capacities 

Titration experiments were performed to determine 
complexation capacities of Edmonton raw sewage in order to 
answer the question of how much nickel the sewage could 
complex before [Ni**] became appreciable. 

Centrifuged raw sewage samples were adjusted to 0.20 M 
NaNO,, buffered to their own initial pH values with CO, and 


NaOH and each was divided into six to ten 500 mL or 1 L 
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aliquots. Nickel was added in increasing amounts to all but 
one of the aliquots and each was analyzed for [Ni?*]. The 
aliquot with no nickel added was analyzed for both [Ni?*] 
and total soluble nickel. This aliquot was also used for the 
Geterminetion of total organic. carbon, TOC, and nitrilo- 
thiacetic acid, NTA. 

The results of_these titrations are shown in Figures 
enc O, fal as plots of. (Ni?*] versus total nuckel 
concentrations. Figure 7.6 is for primary effluent and the 
other plots are for raw Sewage samples. 

The intersection point of the rising part of the curve 
with the horizontal axis was taken to be the complexation 
Capacity in each case. It is evident that these sewage 
samples contained appreciable excess complexing capacity for 
nickel. The sharpness of the intersection points suggests 
that the major ligand(s) in the sewage form very stable 
complexes with nickel. 

The slopes of the rising part of the titration plots do 
not approach unity, as expected for plots of [Ni**] versus 
total nickel when the complexation capacity has been 
completely exceeded (Bhat et a/., 1981). This can be 
explained by the presence of large concentrations of ligands 
which form very weak complexes with nickel. Presumably the 
Slopes of the lines in these plots would be unity when the 
complexation capacity of these very weak ligands has been 
exceeded. As a result, the complexation capacities measured 


on Edmonton sewage are perhaps better described as "strong 
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Figure 7.2 Titration of Sewage with Nickel(II). 


Gircle is’ before’ addition of nickel (2-12-87) 
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Figure 7.3 Titration of Sewage with Nickel(II). The open 


Circle i646 before addreron of nicke! (16-12-81) 
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[Ni2*] (M, X 10%) 


O Z. 4 6 8 10 12 14 16 18 
Total Nickel (M, X 108) 


Figure 7.4 Titration of Sewage with Nickel(II). The open 


circle is before addition of nickel (48-12-81) 
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Figure 7.5 Titration of Sewage with Nickel(II). The open 


circle is before addition of nickel (9-2-82) 
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Figure 7.6 Titration of Sewage with Nickel(II). The open 


circle is before addition of nickel (19-2-82) 
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Figure 7.7 Titration of Sewage with Nickel(II). The open 


circle is before addition of nickel (1-3-82) 
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complexation capacities". 

Table 7.8 summarizes the complexation capacities from 
Progures 7.20 7./-together with NTA and TOC results: 

The complexation capacity results were surprisingly 
constant; the mean +1 standard deviation for these data was 
(Om Grtents lj aexe Ome MesHencestotal—solubbe-nrekel 
Goncentrations larger than about -- x_10222M7(0.6 mg/Liitwere 
required for [Ni?*] totbecome appreciable. These 
complexation capacity values fall im the range of 1 x 107° 
fo 8x 105" M previously found in secondary sewage effluents 
using ASV and copper as the titrant (Bender et a/J., 1970). 
City of Chicago domestic sewage supplemented with brewery 
effluent was found to have complexation capacities of about 
10-* M using an ion exchange method with copper and nickel 
as titrants (Beers, 1979+ Hickey, 1979). 

The TOC concentrations were not correlated with the 
complexation capacity values. These data indicate that gress 
measuresof Organic matter, Such as TOC, are inappropriate 
aS a measure of nickel-complexing ligands. 

Concentrations of NTA were a little larger (< 3 times) 
than the corresponding complexation capacities. Nickel is 
capable of forming NiL~ and NiLj- species with NTA. 
Calculations using published pKa and stability constants at 
25-C and 0 1g epKaye— 0: 6y. pKa. = 138, pKa, =) 2.483 pKa. = 
656540160 0p ean oO mancmlogaf. = 16. 32q(Merte hl ana Smith; 
4974)), a total NTA ‘concentration.of 10°* M and a pH of 


8.04, showed that nickel is almost entirely complexed as the 
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Table 7.8 Summary of "Strong Complexation Capacity", TOC and 
NTA Results 


Date Complexation Capacity NTA TOC 
Myx tO Maxi: mg/L 
Tad Aa ol oe Ts 132 
1t6-1258:1 7.8 2a7 84.5 
e128 | 2 CGS) 80.0 
8-02-82 10 142 
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(Ni-NTA)~ species Coren = 0.99, 


Consequently, the formation of NiL?7 


Nese OF018)F. 
complexes with NTA 
cannot be used to explain why measured NTA concentrations 
are larger than the corresponding complexation capacities. 

Possible explanations for this discrepancy include 
inaccuracies in the polarographic method used to determine 
NTA: and, a decreaSe in measured complexing capacity caused 
by biological degradation of NTA during the time required 
for each determination of the complexation capacity. Samples 
for NTA determinations were acidified immediately after 
centrifugation, whereas complexation capacity determinations 
lasted Several hours. Nitrilotriacetic acid has been shown 
to be biologically degraded in activated sludge treatment 
plants (Bouveng eb-al., 1968; Stoveland ei a/+, 1979c) and 
in natural waters (Chau and Shiomi, 1972). It appears, 
however, that NTA may be a major ligand for nickel 
complexation reactions in Edmonton sewage. 

Total (calcium + magnesium) concentrations in Edmonton 
sewage are probably about 10°° M (based on potable water 
hardness levels of about 115 mg/L as CaCO, (Tkaczyk, 1982)), 
which is larger than total NTA concentrations measured 
(typically about 10°* M). Hence uncomplexed NTA is not 
present. Although concentrations of (calcium + magnesium) 
are approximately 1000 times larger than those off wheavy” 
metals (e.g copper, nickel and zinc), calcium and magnesium 


form relatively weak complexes with NTA (log B, = 6259eand 


5.47 respectively (Martell and Smith, 1974)) compared to 
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e0pper, nickel@andkzine Mog? 2.5 ACES4,70N .GSOMand 10.66 
respectively (Martell and Smith, 1974)). As a result, 
soluble copper, nickel and zinc and other "heavy" metals can 
compete successfully with calcium and magnesium for 


complexation by NTA. 
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8. UPTAKE OF NICKEL BY ACTIVATED SLUDGE 


This chapter presents the results of experiments undertaken 
to determine the relevance of free nickel ion concentrations 
to uptake of nickel by activated sludge. An experiment was 
also carried out to investigate the mechanisms of nickel 


uptake. 


8.1 NICKEL UPTAKE 


8.1.1 Experimental Procedures 

Experiments were carried out in the batch mode by 
adding six 500 mL aliquots of bulk centrifuged (13 000 x g 
for 10 min) sewage samples to 100 mL of concentrated "stock" 
activated sludge (see below) in 1 L conical flasks. 
Increasing amounts of concentrated nickel standard solution 
were added to five of these aliquots, and the flasks were 
loosely capped and shaken for 4 h at 200 r.p.m. No Tele Ke 
strength adjustments were made. The pH was adjusted to 8.0, 
with CO, and NaOH and periodically checked during the 
shaking period. At the end of the shaking period, the 
Supernatant was separated from the sludge by centrifugation 
(13 000 x g for 10 min) and analyzed for total soluble 
nickel and free nickel ion concentrations as previously 
described. Nickel uptake by the sludge was calculated from 


the difference in total soluble nickel concentrations before 
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and after equilibration with the sludge. 

Similar experiments using standard nickel solutions 
prepared in 0.01 M NaNO, at pH 8.05 were also carried out. 

Activated sludge samples were collected from the first 
pass Of thentarsteaeratiion tenk- (refersFigure 7. 1).. Sludge 
to be equilibrated with standard nickel solutions was washed 
four times with 0.01. M NaNO, to remove soluble sewage 
organics. Sludge samples for the experiments with sewage 
were washed three times with 0.01 M NaNO, and once with 
centrifuged sewage. The first three NaNO; washing solutions 
were separated from the sludge by gentle centrifugation 
(1000 g for 3 min) and decanted. The sludge was concentrated 
four-fold by compositing during the first two washing steps 
Sor(tha t 11:00: minvra biquots <would!igive MLVSS «concentrations of 
about. 11300) mg/L ein, thésequida bration »experiments. 

The NaNO, concentration used (i.e. 0.01 M) for sludge 
washing and the uptake experiments using standard nickel 
solutions was decided upon after an initial experiment in 
which sludge samples were washed several times with 0.01 ™M 
and 0.10 M NaNO, solutions. The 0.01 M washing solutions 
were visually clear after separation from the sludge by 
centrifugation, whereas the 0.10 M solutions were turbid. 
This turbidity probably arose from deflocculation of the 
sludge, a phenomenon which has previously been observed in 
the presence of high concentrations of cadmium, mercury and 
zinc (Brown and Andrew, 1972; Neufeld, 1976). Although 


0.01 M may be higher than the ionic strength of municipal 
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sewage, washing solutions of this ionic strength were used 


in order to prevent osmotic shock to the activated Sludge. 


8.1.2 Uptake from Standard Nickel Solutions 

The uptake of nickel by activated sludge from nickel 
solutions containing no ligands was investigated first to 
determine whether it was possible to obtain a useful 
relationship between sludge uptake and soluble nickel. It 
Wao expected that in the absence’ of ligands in solution, the 
response of the activated sludge towards total nickel and 
free nickel would be similar. 

Téenpaliquotcs containing 0 -gor6. 812x110" M (400° mg/L) 
tOtal-=anickel were shaken with® 1300 mg/L MLVSS. Figure 8.1 
shows nickel on the sludge, SNi, versus total nickel in 
solution after equilibration with the sludge, Cua These 
data were non-lineam below about 0.4 x..10°*.M total soluble 
nickel, i.e. those samples that contained less than 
Oil ox Ql SMMC 0 200°mG/L) total nickel before equilibration 
with the sludge. Linear regression analyses on the two 
portions of the plot gave the following values for slopes 
and intercepts (+ 1 standard deviation): 

1. Upper part: slope S652 097 tar0 02 
Preerocept. = “lc, t2ea0 0 
2. Lower part: slope a0), 2002 70.44 
imnercept = 40 S22 "f 90 23 

The regression line of best fit for the upper portion 


had an intercept which was significantly (p < 0.05) 
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Figure 8.1 Equilibrium Plot of Nickel on Sludge, SNi, ivse 


Total Soluble Nickel in Standard Nickel Solutions 


(Experiment 1) 
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aifferent from zero, whereas that for the lower six data 
Woimncs was Not watferent from zero. Furthermore, the slopes 
Oietne two pocerons were Significantly (p < 0.05) different 
Prom each other. 

These results demonstrate that the activated sludge 
removed a larger fraction of nickel at low than eat higher 
total soluble nickel concentrations. Hence the straight line 
Gl beet tit ‘for al. the data (slope = "5.165 -i1ntercept = 
0.82) did not accurately describe nickel uptake by activated 
sludge from samples containing total soluble nickel 
concentrations typical of municipal sewage. 

Nickel removal efficiencies from standard nickel 
solmitions are shown in Figure 8.2. Removals Cf e7% to194s 
were achieved and about 5% greater removal occurred at 
imiztial total nickel concentrations less than 5.41 x 10°° M 
(0-300 mg/L). 

Equilibrium plots of nickel on the sludge, SNi, plotted 
against total soluble nicked tand@iree nickel ion 
concentrations (Cos and [Ni2?*] respectively) are shown in 
Figure 8.3. Only data corresponding to the first five points 
in Figure 8, 1 are presented. 

The Cus and [Ni2*] data fitted straight lines with 
slopes which were not significantly (p < 0.05) different 
from each other (slopes = 7.28 + 0.41 and 8.51 + 0.36 
respectively). In contrast to the C,. dataystheaiNie= | “data 
had a y-intercept which was significantly different from 
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Figure 8.2 Removal Efficiencies of Nickel from Standard 


Nickel Solutions by Activated Sludge 
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Figure 8.3 Equilibrium Plots of Nickel on Sludge, GN, GVSs 
Total Soluble Nickel and Free Nickel Ion (Ni?*) 


Concentrations in Standard Nickel Solutions (Experiment 1) 
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Although linear relationships between nickel uptake and 
Cus or [Ni?*] were expected if Ni?* was the only species 
taken up by activated sludge, the different positions of the 
two lines were not. The experiment was repeated uSing six 
Svandard solutions) containing 0 to 8.52) x 10°" M 
(0.500 mg/L) Ni and 1200 mg/L MLVSS in each batch reactor. 

Figure 8.4 shows equilibrium uptake isotherms in terms 
of oe and [Ni2*]. Similar results to the previous 
experiment were obtained. Namely, both sets of data were 
fipeed With straight Lines of similar sitopes# (6.72 270.33 
and 7.14 +7063 7-for Cue and [Ni?*] respectively); the 
intercept of the cae data «was not significantly different 
from zero (0.07 + 0.13); and the intercept of the [Ni?*] 
data wasunot zero. (C789) 2" 0.13). 

The discrepancy in intercepts between Coa uae. (NEU? 
data could possibly be explained by the presence of more 
than one type of sorption site on the sludge and the release 
Cf Soluble organics =into solution by che sludge. “A 
relatively few metal sites on the sludge with much higher 
metal affinities than the bulk of the sites would cause the 
Cus and [Ni2*] uptake isotherms to have larger slopes at 
very low nickel concentrations, whereas the slopes at larger 
nickel concentrations would not change. Consequently, this 
phenomenon could result in both types of uptake isotherms 
being displaced upwards. The release of small amounts of 


soluble organics by the sludge would not affect the FN iar} 


isotherm, but would result in the ey isotherm being 
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Figure 8.4 Equilibrium Plots of Nickel on Sludge, SNi, vs. 
Total Soluble Nickel and Free Nickel Ion (Ni?*) 
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displaced downwards if these organics complex some of the 
free nickel present. The net effect of these two phenomena 
could be for the [Ni?*] isotherm to be displaced upwards to 
a larger extent than the Cus isotherm, and this was 


observed. 


8.1.3 Uptake from Sewage 

Ties xperiment was carried out om 1952-62 and 1-3-62 
using primary effluent and raw sewage respectively. For 
Bach, Six aliquotsgeenmcaining 0 vo 1.70 x 10° ° 9M (1.00 mg/L) 
total soluble nickel were equilibrated with 1300 mg/L 
(primary effluent) and 1600 mg/L (raw sewage) MLVSS. 
Complexation capacities were also determined for these 
sewage samples (refer Figures 7.6 and 7.7). 

Figure 8.5 shows removal efficiencies of nickel from 
these samples by activated sludge. In contrast to removals 
from standard nickel solutions (refer Figure 8.2), nickel 
removal from sewage increased as the initial total soluble 
nickel concentrations increased. The removal efficiencies 
for each sample levelled off when the complexation 
capacities had been exceeded. Complexation Capacities for 
these samples were 1.1 x 10°° M (0.7 mg/L) and 7.0 x 10°" M 
(0.4 mg/L) for the primary effluent and raw sewage 
respectively. The maximum removals from sewage (60%-70%) 
were much less than those from standard nickel solutions 
(about 90%), probably because of the presence of weak nickel 


complexes not measured by the nickel PipratdonesLecun gue 
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Figure 8.5 Removal Efficiencies of Nickel from Sewage by 


Activated Sludge 
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used for sewage (refer Section 7.4.2). 

Plots of nickel on the sludge, SNi, versus total nickel 
(Ci. ) ance meemnacke lion. (Ni~ )) concentrations 1n the 
Supernatant after equilibration with the sludge are shown in 
Figures 8.6 and 8.7. 

There is an obvious difference in the uptake isotherms 
depending on whether total nickel or free nickel ion 
concentrations were measured in the supernatant. Isotherms 
based on Cy; were non-linear over the entire range of nickel 
concentrations used. The isotherms based on [Ni?*], on the 
other hand, were linear and had zero y-intercepts. Slopes 


and intercepts calculated by linear regression were: 


1. Primary effluent: slope SP | at en 
initerce ms b= WO. toves 0.24 

2. Raw Sewage: slope ae o 220". 7S 
imeercepe= 0.07 + 0.25 


The larger slopes of these isotherms compared with 
those obtained from the standard solutions (8.51 and 7.14, 
refer Section 8.1.2) can be attributed to activity 
coefficient effects and to differences in activated sludge 
characteristics. Activity coefficient corrections would 
increase the slopes measured in the standard solutions 


relative to those ins sewage. 
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Figure 8.6 Equilibrium Plots of Nickel on Sludge, SNi, vs. 
Total Soluble Nickel and Free Nickel Ion (Ni?’*) 
Concentrations in Primary Effluent. MLVSS=1300 mg/L 
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Figure 8.7 Equilibrium Plots of Nickel on Sludge, SNa vss 
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8.2 MECHANISM(S) OF NICKEL UPTAKE 


8.2.1 Rationale 

The previous results for nickel uptake from standard 
nickel and sewage samples by activated sludge clearly show 
that nickel uptake is directly proportional to the 
concentration of free nickel ion in contact with the sludge, 
rni2ty. Uptake mechanisms involving free nickel ions can be 
restated as (refer Section 2.1.2.3 and Chapter 3): 

1. Ion exchange with exchange sites on sludge, SNa: 


SL 
KIE 


: : + 
2SNa + naet == S5Ni + 2Na Se 


2. Complexation with charged groups on sludge, 


Cie Trem) 6s 


2 


2(sludge-coo ) + Ni 


(sludge-C00),-Ni B22 


3. Complexation with uncharged groups on sludge, 


4 BSE 
x(sludge-L) + er —— (sludge-L) -Ni* 8.3 


The equilibrium constants for these equilibria sare’: 


[s,NiJ+[Nat]? 


- rni2t}-[snal]? 
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[(Sludge-Coo) ,-Ni] 


Peace Coo = ne al 


[(sludge-L) -wi7"] 


Pevedqe laid 


A etudge distrioutiron coefricient, Wie can be defined 
as) £o0llows? 


[(Sludge), Ni] 


pobt ic 9 ah ak 5 aca 8.5 
fe * 
. rane 


where x" > 27 Mang 
Cni2ty* 45 tne’ soluble freeinickel” ion concentration 
at equilibrium with the activated sludge. 
The sludge distribution coefficient, a can be 
rewritten as follows for each of the” uptake mechanisms given 


in equations 38.1 to 8.357 


LeetOn@excnangde:: 
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@) 1 Peele 


2. Complexation with charged groups: 
-42 
r nak, « [Sludge-coo ] 8.9 
3. Complexation with uncharged groups: 


r igo ud ile [Sludage-L]* 82.10 
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It is evident from inspection of equations 8.8 to 8.10 
that only thetion exchange mechanism depends explicitly on 


sample ionic strength. 


8.2.2 Experimental Results 

The importance of ion exchange as an uptake mechanism 
for nickel was studied by varying the ionic strength in 
standard nickel solutions (3.41 x TO aMylor 6.200. mg/L) sirom 
Oe007 1640. 108M Cas Na NO3)- These solutions (50.0 mL 
aliquots) were shaken with activated sludge (1200 mg/L 
MLVSS) together with 50.0 mL aliquots of corresponding blank 
NaNO3 solutions. Nickel uptake was determined from the 
aifference in total soluble nickel concentrations before and 
after shaking with the sludge (refer Section 8.1.1). 

As demonstrated for the resin distribution CcOectELeLent, 
Ls (refer Section Geo Lal) ee pL Ot. OF ea versus 1/[ Natl? 
(wes i/ur) should yield a straight line With “positive slope 
and zero intercept for an ion exchange reaction. » Higune 3.16 
shows a plot of Men (+ 1 standard deviation) versus Wings 
No actlvity ‘cOecTELerent corrections were made because they 
could not be made for the sludge phase. The ee values did 
notuvary significantly for p Ss 0.03 M, whereas at larger 
ionic strengths, they decreased. 

The results were interpreted to mean that at ionic 
strengths up to OS .03 M, jon exchange was not the mechanism 
for nickel uptake. The predominant mechanism is probably 


complexation of nickel by ligands on activated sludge 
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surfaces. -This experiment did not give any information as 
to the type(s) of complexation reactions which removed 
soluble nickel from solution. 

In addition to ionized carboxyl groups which complex 
nickel, hydroxyl groups from the large polysaccharide 
fraction in activated sludge may also complex nickel (refer 
Section 2.1.2.3). These groups may be Ona, pagtia Lily 
ionized at pH 8.0 and hence wi2t may compete with pa ions 
for uptake. The previous experiment was conducted at a 
constant pH (8.0, + 0.39) and consequently did not provide 
data about this type of mechanism. Published reports show 
that metal uptake by activated sludge increases with pH up 
to values of about 9 (Cheng et al., 1975; Nelson ev oiley F 
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9. PREDICTION OF NICKEL REMOVAL BY ACTIVATED SLUDGE 


The concepts and conclusions developed in previous chapters 
can be used to derive equations to quantitatively describe 
soluble nickel removal by activated sludge in the batch 
pode. In contrast to previously published models for metal 
removal (Chenget al., 1975; Nelson et Wil«, L981), the 
following approach does not require the measurement of 
nickel-ligand complex stability constants. Hence, 
assumptions about the number and types of nickel complexes 
formed in sewage and on the sludge are not mecessary-. 

It has previously been demonstrated (refer Section 
@2153) that soluble nickel removal is directly related to 
free nickel concentrations in sewage after equilibration 
with the sludge. However, the free nickel remaining after 
sludge equilibration may be less than that in the sample 
pr LOL 40 equilibration because Of sperturbetion, of nickel 
complexation reactions in the sewage by the large amount of 
activated sludge present. This will) bevtrue tf the sewage 
is poorly buffered in nickel, and the effect must be taken 
into account when predicting nickel vemoval.) an order toydo 
this, it is necessary to relate free nickel ion 
concentrations in the untreated sewage to the corresponding 
initial complexation capacity curves as obtained by 
titrating the untreated sewage with nickel (refer Section 
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9.1 EQUILIBRIA AND ASSUMPTIONS 
Consider the following equilibria of nickel, Ni2t, with 
igands ii, eain tevetwalstewater and with nickel-complexing 


ligands, si,consthe sludge: 


Ni +2, == NiL 9.1 


Mie) ae sen Se (6 att CERRO 922 


The total moles of nickel, Ty;, in a sample of volume, 


V, containing a known weight of sludge, W, is given by: 


iis Rare ee se 9-3 
at 
se Naas ee oct [NiL,]-V Ged. 
ore? hele ee 
aN 8 lise Ny, a (NiL, J eV + [S Ni] °W 9.5 


where Tyi,s ice total moles of metal tim wenesiudge— 
equilibrated sample solu: Von sand 
Ty is moles of nickel taken up by the sludge. 
Ni, SL 

The superscript (*) refers to metal concentrations in the 
presence of activated sludge. 

The sludge distribution coefficient, ey is defined as 
Follows (refer Section 8.2.1): 

; * 
[s,NiJ 
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[ Ni 
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The concentration of nickel taken up by the activated 
sludge, ESeNide, is calculated from the difference in total 
soluble nickel concentrations before and after equilibration 
with the sludge according to equation 9.3. 

It is assumed in the following development that ay has 
Biconetant value. This, in turn, assumes that activated 
sludge characteristics do not vary. As wlth ion exchange 
(refer Section 6.1.2), an excess of activated sludge (with 
respect to nickel sorbed onto the sludge at equilibrium) is 


also necessary to ensure that Nan is constant. 


9.2 DESCRIPTION OF COMPLEXATION CAPACITY CURVES 

An idealized complexation curve is shown in Figure Salle 
It has the same shape as those measured in Edmonton sewage 
(refer Figures 7.2 to 7.7). “The complexation curve can be 
divided into the following four conceptual regions based on 
the degree of metal buffering (refer ‘Section 6:13). 

Region 12), A completely buffered linear region. The 
formal concentration of ligand(s) is much larger than that 
of nickel and most of the nickel is present as labile 
complexes. 

Region 2. An incompletely buffered linear region. The 
formal concentration of ligand(s) is much larger than that 
of the metal, but the metal is not largely present as labile 
complexes. 

Region se eA poorly puffered non-linear region. The 
formal concentration of ligand(s) is not in excess with 


respect to that vot metal. 
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Figure 9.1 An Idealized Complexation Capacity Curve 
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Region 4. “A~completely unbuéfered lanear region. The 


formal concentration of nickel exceeds that of ligand(s). 


9.3 EXPRESSIONS FOR NICKEL REMOVAL 

The predivetion of nickel removal, by activated sludge 
depends on where the free nickel ion concentration in the 
untreated sewage occurs on the initial complexation capacity 
curve. In contrast to the addition of nickel to sewage, the 
addition of sludge can cause the total soluble nickel 
concentration to decrease. If the complexation capacity 
does not change during contact of sewage Witches bUage, eoen 
the total soluble nickel concentration decreases according 
to the relationship (shape) described by the sguteakewl 
complexation capacity curve. 

Metal removal is discussed as follows with respect to 
the four regions identified in Section Ow2. 

Region 1.) (tin this well-buffered region, the nickel 
taken up by the activated sludge does not significantly 
alter the free nickel ion concentration present before 
equilibration with the sludge, fit; ieee cni2ty* = 
cNi2ty. By analogy with equation 6.20, cwi2ty* can be 


related to [Ni2t] as follows: 


, ob 
ih ip oO 
= + e W Se 
¥ + 
ri aa Ginx’) ba ete 


Substitution for cnNi2+]* from equation 9.6 gives the 
following expression for nickel taken up by the sludge, 
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The fraction of the total soluble nickel which is 
initially present as ni2t (i.e. before equilibration with 
the sludge), Ona is given by: 

a = [wi “*) 9.9 
Nie. 00 ar at Ay, : 
Ni 

The quantity On is) thes lope ‘of the sinitral 
complexation capacity curve at any total ‘soluble nickel 
concentration, Ty /V- Substituting for cni2ty in equation 
9.8 from equation 9.9 and rearranging gives: 

—+ = (=) 9.10 
[Ss Ni] Ni MG mae 
This equation can be further rearranged to give: 
Sivan 
* 
[s, Ni] = $$ —— s eags y 
ea. + 
V/R oO Os W 


Equation 9.11 demonstrates that! mickeltuptake by 


activated sludge is related to the slope Gt the initial 


complexation capacity curve, ay,- However, the value 

of O nos ie negligible in Region’. Consequently, 

(anya ars ) >> W, and equation 9.11 reduces to the following 
form: 
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This expression shows that nickel uptake in Region 1 is 
negligible because the value of Ons is negligible. 
Furthermore, an increase in the initial total soluble nickel 
concentration, Tyi/V. should not cause an increase in nickel 
uptake by the sludge. 

Equation 9.12 can also be derived using equations 9.6 
and, 9.9. 

Region 2.) ein Enis incompletely-buffered region, nickel 
uptake by activated sludge causes the free nickel ion 
concentration, cni2t]*, to be different from that present 
before contact with the activated sludge, [Ni2t]. 

The value of Os is not negligible and hence sludge 
uptake@of nickel Tis described by equatiens 9.8; "O7LOmand 


Onin. 2XBecause sthe “value of Og does not vary in this 


i 
region, there is a linear relationship between nickel uptake 
and total soluble nickel concentration in the sewage before 
being contacted with the activated sludge, Tyj- 

Region. 3! @This*région is poonmlyeburtered., "An 


analogous expression to equation 6.19 can be derived from 


the mass balance given by equation 9.5. That is, 
SL SL 
r r 
i = (— ° =) eS ee W 9.13 
pies a Ni r Ni 


where aH is defined in a similar manner as the resin 
distribution ratio, \ (refer equation Gn 4). 
Subst1tutilon nex cni2ty* from equation 9.6 and 


ee oe 
rearrangement yields the following expression for [S,Ni] : 
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Thee tra CaO (De / ) can be shown to equal the inverse 
of the slope of the initial complexation capacity curve at 


particular values of Tri /V- Hence, from equation 9.14: 
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Although equation 9.15 appears to be the same as 
equation 9.10, the value of ay in equatien Os iS) varies. 
Consequently, [s,Nil* in equation 9.15 can be obtained 
iteratively. 

Region 4. The complexation capacity of the sewage has 
been exceeded and consequently there is a linear 
relationship between cNiet] and Ty, (or Cyy if Ve remains 
constant). Under these conditions, cNi2ty >> ena coal For 
the completely unbuffered case, the slope of the rising part 


of the initial complexation capacity curve equals unity, 


i.e. Oni = 1. Hence, equation 9.15 reduces to: 
[s,Ni] Tei? S Ni 
Rearrangement of equation 9.16 gives the following 
° Sees 
expressions for [snd : 
Cheers 
va Ni 
; = oeley 
[Ss Ni] SL 9 
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= y+ wast eats! 

There is also a linear relationship between sludge 
uptake of nickel and total soluble nickel concentrations in 
sewage before contact with the activated sludge in this 
region. Equation 9.15 must be used to predict nickel uptake 
by activated sludge if the slope of the initial complexation 
capacity curve is not. equal £o."one. 

Cheng et al., (1975) found a linear relationship 
between nickel removal by activated sludge and igri ad Cota 
nickel concentrations up to about 24 mg/L. The lowest 
snitial total nickel concentration used was 9-9 mg/L, which 
suggests that the complexation capacities of the synthetic 


samples used were greatly exceeded. 


9.4 PREDICTION OF NICKEL REMOVAL 

Data from the two uptake experiments using primary 
effluent and raw sewage samples (refer Section 8.1.3) were 
used to test the expressions developed in Section 9.3. 
Complexation capacity curves for these samples are shown in 
Figures 7.6 and 7.7, and repeated in Figures 9.2 and ORS. 
These figures include the complexation capacity curves 
measured before and after equilibrium with activated 
sludge. Both complexation capacities decreased to about ene 
third of their initial values as a result of being shaken 
with sludge. 

Table 9.1 shows the predicted and measured nickel taken 


up by activated sludge, Es INi Jp for each of the data points 
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Figure 9.2 Complexation Capacity Curves for Primary Effluent 
Before and After Contact with Activated Sludge. The open 


points are before addition of nickel (19-2-82) 
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Figure 9.3 Complexation Capacity Curves for Raw Sewage 


Before and After Contact with Activated Sludge. The open 


points are before addition of Mickel (1-3-82) 
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MmegPigusese?s h2handrlo tsteeThe uvaluesof ike used was 7.8, 
which was the mean of the two ae values previously obtained 
(refer Section 8.1.2). Volumes, V, of 600 mL were used for 
all the samples. 

With the exceptions of two of the samples, the 
predicted and measured amounts of nickel taken up by the 
activated sludge, [S,NiJ, agreed to within 602. These 
differences can probably be accounted for on the basis of 
random analytical errors associated with the measurement of 
total and free nickel ion concentrations (refer Sections 
4.3.2 and 6.3.2.3 respectively), as well as errors in 
determining @y»; values from the initial complexation 
capacity curves. The largest errors occurred for the points 
on the early part of the initial complexation capacity curve 


for raw sewage (refer Figure 9.3). In this region a was 


Ni 
negligible and therefore prone to large errors in 
measurement. Furthermore, the decrease in complexation 
Capacities caused by the activated sludge would probably 
have caused nickel to become less well buffered during 
contact of the sewage samples with activated sludge. This 
would give rise to a systematic error because more nickel 
would be taken up by the sludge than that calculated using 
the initial complexation curves. 

It should be emphasized that the equations developed to 
predict nickel removal by activated sludge were tested 


retroactively using earlier data and not data obtained from 


experiments specifically designed to test these equations. 
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Rigorous testing of these equations would obviously require 
consideration of the sources of error mentioned above. In 
view of the data used, the predicted and measured nickel 


uptake results were considered to agree satisfactorily. 
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10. SUMMARY AND CONCLUSIONS 


A major conclusion drawn from the literature review was that 
despite the large number of studies carried out, the 
mechanisms and factors which govern metals removal by 
activated sludge treatment systems do not appear to be well 
understood in a quantitative or predictive sense. 
Furthermore, published laboratory studies have usually used 
considerably higher metal concentrations than those normally 
found in municipal sewage. 

In the present investigation, the removal of nickel by 
activated sludge was studied by adopting a mechanistic 
approach. Nickel was chosen as the metal of interest 
Decaise, in Contrast: to most. other "heavy." metals, it. exists 
predominantly in water soluble forms in municipal sewage and 
it is poorly removed by biological treatment processes. 
Typical removal'efficiencies for nickel are less than 50%, 
and are often only about, 30%. 

It was deemed essential to use natural rather than 
Synthetic sewage and to study removal using a range of total 
nickel concentrations typical of Edmonton sewage. With this 
latter criterium in mind, a sampling program was undertaken 
at the Edmonton Gold Bar Wastewater Treatment Plant to 
measure the influent concentration range and removal 
efficiency of nickel relative to cadmium, chromium, copper 


and Zzanc. 
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Although total concentrations of all the metals 
determined in the influent sewage were higher than those 
reported for other cities of comparable size in western 
Canada, nickel concentrations were particularly Iskohone aA 
geometric mean nickel concentration of 0.042 mg/L was found 
in untreated Edmonton sewage whereas geometric mean 
concentrations of less than 0.010 mg/L have been reported 
from Calgary and Vancouver. Hourly influent nickel, cadmium 
and zinc concentrations did not exhibit distinct diurnal 
variations, and those for chromium and copper suggested 
industrial and domestic sources respectively. 

Steam heating of sewage and sludge samples acidifed 
with HNO, (1% by volume) for one hour at 15 p.s.i.g. was 
shown to be the preferred digestion method. Severe nickel 
and zinc contamination was experienced with the use of 
acid-washed 0.45 pm membrane filters. Consequently, membrane 
filtration could not be used to distinguish between soluble 
and particulate forms of these metals. 

Cadmium, chromium and copper were mainly associated 
with the particulate fraction. A subsequent centrifugation 
Study showed that in contrast to copper, nickel occurred 
mainly in the soluble fraction. The soluble nature of nickel 
1s consistent with published information that nickel does 
not readily form insoluble carbonate, hydroxide or phosphate 
complexes. 

With the exception of cadmium, greater removal of 


metals appeared to occur during primary sedimentation than 
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during the secondary aeration and clarification processes, 
The overall removal efficiencies for cadmium, chromium and 
copper were high (81%-90%) whereas those for nickel and zinc 
were variable and low. These results agreed with published 
conclusions. 

The soluble nature of nickel suggested that nickel 
might be removed mainly by sorption onto activated Sludge 
Surfaces. Possible sorption processes include cation 
exchange, complexation by charged and/or uncharged ligands 
on the sludge and adsorption of metal-organic molecules. 
Consideration of the equilibria for these processes 
suggested that free nickel ion concentrations were more 
relevant than total nickel concentrations and led to the 
postulate that "soluble nickel uptake is primarily dependent 
on free nickel ion concentrations under equilibrium 
conditions". The measurement of free metal ion 
concentrations eliminates the need for some tenuous 
assumptions which are necessary when quantifying metal 
uptake by measuring metal-ligand complex stability 
constants. A major cause of uncertainty concerning the 
assumptions inherent in the determination of stability 
GonStranes 16 "the=tact that the various Iicqancs present im 
ill-defined samples, such as sewage, are not known, and 
consequently, the number and types of complexes formed are 
not known. 

Free nickel ion concentrations were measured by ion 


exchange uSing a strong cation exchanger. Cation exchange 
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methods are more senSitive and less prone to interference 
from other soluble metals and organic matter than anodic 
stripping voltammetry or ion selective electrode 
potentiometry. Samples were "Swamped" with an inert 
electrolyte (NaNO,) prior to analysis because this greatly 
Simplifies the method compared to other ion exchange 
methods. An underlying rationale in choosing ion exchange, 
together with graphite furnace atomic absorption 
spectroscopy to determine the uptake of nickel »by the resin, 
was its relatively inherent simplicity combined with high 
analytical sensitivity and’ selectivity. 

Batch and flow through column equilibration ion 
exchange methods were investigated. Theoretical equations 
were derived and experimentally verified using synthetic 
Soluchonsicontaiming 10“ sto 10°" M free nickel with 
glycyl-L-alanine and EDTA as ligands. Both methods provided 
aecuratesresults= However, ithe flow-through «method was 
eaSieretoclsevbecause 21S non=perturbing so that each free 
nickel ion determination required only one sample. Use of 
the batch method required the analysis of several aliquots 
of the same sample with different weights of resin to 
compensate for perturbation of the equilibria by the resin. 

The minimum detectable concentration measured with the 
Lhownthrough méthodvot vabout 4 /x0107% Me(0.0003.mg/L)ms 
considerably lower than can be obtained by instrumental 
Speciation techniques in natural waters. The small standard 


deviation measured at this concentration (RSE = 11%) was 
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caused by "noise" from the graphite furnace atomic 
absorption spectrophotometer. No fouling of the resin by 
sewage Organics was observed. 

The flow through column method was as eaSy to use with 
Sewage samples as it was with synthetic solutions. A 
drawback of the method as it currently stands is the large 
sample volume (500 mL) required. The sample volume can be 
greatly reduced, while maintaining or improving sensitivity, 
by decreasing the amount of resin in the column and the 
volume of eluant used to remove nickel from the resin, and 
increasing the volume of eluant injected into the graphite 
furnace of the atomic absorption spectrophotometer 
(injection volumes of 20 pL were used). 

Free nickel ion determinations in Edmonton sewage 
Samples using the batch method gave erroneous results. The 
atomic absorption signal measured in sewage contacted with 
resin was enhanced compared to those measured before 
addition of the resin. This positive interference could not 
be overcome iby ythe, addi tion: of. HNO.) OnWEDTA ytopssamplies:.or by 
the method of standard additions. This problem was not 
encountered with the flow through method, which was used for 
all free nickel ion determinations in sewage. 

Negligible free nickel ion concentrations were measured 
in untreated Edmonton sewage. The largest concentration 
(209035 ohO "eM foresOs 0.0.2:mg/L ). represented ion ly 6%,0 fs ithe 
total soluble nickel measured in the same sample. Evidently 


nickel was highly complexed in Edmonton sewage. 
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Several raw sewage and primary effluent samples were 
titrated with nickel in order to determine complexation 
Capacities. The sharpness of the "break" in the resulting 
plots of free nickel versus total soluble nickel 
concentrations suggested that the major complexing ligands 
present formed very stable complexes with nickel. The Slopes 
of the rising parts of the titration plots did not approach 
unity, probably because of the presence of weak complex- 
Forming, igands. 

The complexation capacities of all the sewage samples 
were about 10°° M (0.6 mg/L Ni), showing that the sewage 
samples contained appreciable excess complexing capacity for 
nickel. It was demonstrated that gross measures of organic 
MNakter,e suchas total organic carbon, should not be used to 
determine the concentration of nickel complexing ligands. 
Concentrations of nitrilotriacetic acid, NTA, were found to 
berslightly,larger| than 10° *\M,.suggesting that.NTA-.could be 
a major ligand for nickel complexation in Edmonton sewage. 

Batch experiments were carried out to relate nickel 
uptake by activated sludge to total soluble nickel and to 
Ereeenickel Jonyconcentrations)inauboth standasd) nickel 
solutions and sewage samples. The activated sludge 
(MLVSS = 1300-1600 mg/L) removed 87%-94% of the nickel from 
standard nickel solutions containing no ligands, and linear 
sorption isotherms between nickel taken up by the sludge and 
total soluble nickel or free nickel ion concentrations at 


equilibrium were obtained. 
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Different patterns of nickel uptake were observed for 
sewage samples. Removal efficiencies from sewage increased 
as initial total soluble nickel concentrations increased, 
and levelled off when the complexation Capacity had been 
exceeded. The isotherms obtained using total soluble nickel 
concentrations were non-linear over the entire range of 
nickel concentrations used (up to 1.7 x 10°* M or 1.0 mg/L 
total soluble nickel before contact with the sludge). The 
isotherms based on free nickel ion concentrations, @on /the 
other hand, were linear and had zero intercepts. These 
results showed very clearly that nickel uptake by activated 
Sludge is directly related to equilibrium free nickel ion 
concentrations and not to equilibrium total soluble nickel 
concentrations. 

An experiment in which the ionic strength of sewage was 
varied showed that ionic strengths up to 0.03 M did not 
affect nickel uptake by activated sludge. This means that 
varying wastewater characteristics such as hardness and 
chloride concentration will not have a large effect on 
nickel removal by activated sludge. Furthermore, the 
predominant mechanism of nickel uptake was complexation with 
charged or uncharged ligands on the floc, and not ion 
exchange. 

Equations relating nickel removal to the free nickel 
ion concentration in untreated sewage and its position on 
the complexation capacity curve were derived. Predicted 


nickel uptake by activated sludge was generally consistent 
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with experimental results. Errors in predicted nickel uptake 
resulted mainly from difficulties in measuring very small 
Slopes to the complexation capacity curves and changes in 
complexation capacity which occurred when untreated sewage 
was equilibrated with activated sludge. These equations do 
not involve measurement of nickel-ligand stability 
constants. The following conclusions can be made from the 
equations developed. 

1. If the nickel present is well buffered, i.e. largely 
present as labile complexes, and the formal concentration of 
ligand is much larger than that of nickel, then uptake is 
directly related to initial free nickel ion concentrations. 
Changes in total soluble nickel concentrations do not cause 
the uptake to alter as long as the buffered conditions are 
maintained. 

2. If the nickel is poorly buffered, i.e. not largely 
present as labile complexes, then nickel uptake may be 
linearly or non-linearly related to changing initial total 
soluble nickel concentrations. The type of relationship 
depends on whether the initial free nickel ion concentration 
falls on the linear (incompletely buffered, Region 2) or 
non-linear (poorly buffered, Region 3) parts of the initial 
complexation capacity curve. 

3. If the complexation capacity is exceeded, total 
Soluble nickel and free nickel ion concentrations are 
linearly related. Under these conditions, nickel is 


completely unbuffered if the slope of the rising part of the 
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complexation capacity curve is unity. Consequently, nickel 
uptake is linearly related to both total soluble nickel and 
free nickel concentrations in untreated sewage. 

The variable metal removal results described in the 
literature can be explained on the basis of metal buffering. 
For example, the direct relationships between metal removal 
and equilibrium total metal concentrations observed in 
laboratory studies using high concentrations of metals can 
be attributed to the complexation capacity having been 
Greatly exceeded in these studies. 

The negligible concentrations of free nickel measured 
in Edmonton untreated sewage mean that these Samples were 
well buffered in nickel. Hence, if these well buffered 
conditionsyexist ineathesaeration.basin,+itmwould be expected 
that negligible amounts of soluble nickel would be removed 
by sorption to the activated sludge. 

However, soluble organics, such as NTA, are known to be 
biodegraded up to 95% by activated sludge treatment 
(Woodiwiss et a]., 1979). Nitrilotriacetic acid 
concentrations of 10°* M in untreated Edmonton sewage might 
weldaberreducedmtonabouth | 0sfeM\ an) theracrationgbasinaso 
that treated sewage becomes less well buffered in nickel. As 
a result, the amount of nickel removed by sorption to 
activated sludge surfaces may increase as the complexation 
Capacity is reduced during treatment. 

It 1S appropriate to conclude by presenting reasons why 


nickel is more poorly removed in activated sludge treatment 
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Systems than other "heavy" metals such as copper. The 
sorption mechanisms and effects of metal buffering that have 
been found for nickel should also be applicable to copper. 
Therefore i frsemstien wasvithe only metal removal process, 
these metals should be removed to about the Same extent. A 
major difference between nickel and copper is their physical 
State in municipal sewage; nickel is mainly in the soluble 
State, whereas copper is almost entirely associated with 
particulate matter. As a result, more copper than nickel 
will be removed by physical processes such as primary 
sedimentation and enmeshment in the activated Sludge loc. 
Hence, although the free ion is proposed to be the only 
Species relevant to sorption processes for either copper or 
nickel sorption fonocessesitor copper are masked by the more 
important physical removal processes. 

Overall, the findings of this investigation provide a 
new method for investigating, and a new basis for 
quantitatively modelling, metal removal by sorption to 
activated sludge. This method is easier to carry out, and is 
free of many of the assumptions which are necessary when 
using previous methods for predicting removal of soluble 


metals by activated sludge. 
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APPENDIX A. CALIBRATION CURVES FOR GRAPHITE FURNACE ATOMIC 


ABSORPTION SPECTROSCOPY (GFAAS) 


Figures A.1 to A.5 show typical calibration ames foe 
cadmium, chromium, copper, nickel and zinc respectively. 
Calibration curves for standards prepared in 1% HNO, 
(by volume) are shown for all the metals. For nye kel, 
calibration curves using standard solutions prepared in 


(0.10 M NaNO, + 1% HNO,) and 2 M HNO, are also included. 
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Cadmium Concentration 


Figure A.1 GFAAS Calibration Curve for Cadmium 
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Chromium Concentration 


Figure A.2 GFAAS Calibration Curve for Chromium 
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Copper Concentration 


Figure A.3 GFAAS Calibration Curve for Copper 
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Nickel Concentration 


Figure A.4 GFAAS Calibration Curves for Nickel 
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Figure A.5 GFAAS Calibration Curve for Zinc 
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APPENDIX B. METAL CONCENTRATION AND FLOW DATA MEASURED AT 
THE EDMONTON GOLD BAR WASTEWATER TREATMENT PLANT DURING 


JUNE, 1980 


Metal concentrations in unfiltered and filtered sewage 
Samples are denoted by the suffixes "-uf" and "-£" 


respectively. 


Raw sewage flows are for the specified individual Crit 
tanks, and are not total influent flows to the plant. 
The units used are: 
Sewage metals mg/L 
Sludge metals mg/kg (dry weight) 
Flow ML/d 
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1 SEWAGE SAMPLES 


Date Hour Cdsué Cdat Cyept Crt Cusut- Cort 
Raw Sewage: Right Side Grit Tank (Site A) 


800606 2200 .0038 ~0003 ss2 055 . 100 005 
800606 2300 0036 0000 334 099 7095 002 
800606 2400 -0030 .0000 334 092 080 003 
800607 100 -0020 -0006 ~413 . 166 -090 006 
800607 200 .0040 -0108 268 ~052 .093 000 
800607 300 -0035 0000 239 87 ~077 001 
800607 400 .0040 -0003 -276 031 068 000 
800607 500 .0046 .0000 - 2 6 030 ~067 008 
800607 600 0092 .0000 344 042 074 000 
800607 700 .0039 ~0001 2206 i052 ~061 007 
800607 800 -0036 -0001 A 99 048 ,039 ~002 
800607 900 -0040 -0000 en ~024 .050 000 
800607 1000 .0039 0000 S225 050 048 000 
800608 1000 0030 0000 eal, - 020 043 «000 
800608 1100 -0086 -0002 - 200 046 .042 000 
800608 1200 037) -0000 - 186 034 ~042 000 
800608 1300 -U038 -0002 65 O15 063 000 
800608 1400 .0014 -0002 134 .014 -052 000 
800608 1500 -0016 0000 - 130 008 066 000 
800608 1600 .0008 -0002 - 140 . 046 057 000 
800608 1700 - 0042 .0003 . 146 a ORS ~085 006 
800608 1800 -0034 -0000 - 149 -Ot2 Ogi 004 
800608 1900 -0036 -0000 1 6n .014 .054 004 
800608 2000 0039 ~0001 Pi ey 4 Bel iy} 064 005 
800608 2100 

800608 2200 ~0072 .0000 161 sCa8 W969 SO 


800608 2300 - 0038 - 0025 185 020 049 -002 
800608 2400 0032 0000 126 BRS 068 -007 
800609 100 0812 ~0001 . 146 2089 « 15 005 


800609 200 -0016 -0001 oan eee 205 006 
800609 300 ~0019 0803 199 -Of2 .0989 005 
800609 400 -0043 ~0001 206 -099 080 ~004 
800609 500 ~0046 .0000 - 206 004 ~O25 000 
800609 600 0027 - 0005 220i ~O15 <082 rod 
800609 700 ~0029 0000 203 .014 072 000 
800609 800 -0029 0000 a2ou Ong .070 2003 
800609 900 ~ 9035 .0001 -670 038 thO 000 
800610 900 -0026 -0000 2 357 024 -085 006 
800610 1000 .0014 ~0001 ~407 2092 104 001 
800610 1100 0022 1.200 - 166 

800610 1200 ~0044 .0004 2500 045 496 .016 
800610 1300 -0056 -0008 3.000 083 Be) - One 
800610 1400 ~0065 .0000 - 790 038 <a2 001 
800610 1500 0052 0000 900 2-078 shod 009 
800610 1600 0034 ~0002 ~405 0239 - 156 004 
800610 1700 0030 ~90008 ~342 026 ~ #59 ~004 
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Date 


800610 
800610 
800610 
800610 
800610 
800610 
800610 
800611 
800611 
800611 
800611 
800611 
800611 
800611 
800611 
800612 
800612 
800612 
800612 
800612 
800612 
800612 
800612 
800612 
800612 
800612 
800612 
800612 
800612 
800612 
800613 
800613 
800613 
800613 
800613 
800613 
800613 
800613 
800613 
800614 
800614 
800614 
800614 
800614 
800614 
800614 
800614 
800614 
800614 
800614 
800614 
800614 


Hour 


1800 
1900 
2000 
2100 
2200 
2300 
2400 
100 
200 
300 
400 
500 
600 
700 
800 
oGF 
1007 
1107 
Oe 
1307 
1407 
{S09 
1607 
1709 
1807 
1yUy 
2007 
2007 
2207 
2507 
2407 
107 
207 
507 
407 
507 
607 
707 
807 
900 
1000 
1100 
1200 
1300 
1400 
1500 
1600 
1700 
1800 
1900 
2000 
2100 


Cd=-wt 


-0042 
.0038 
-0024 
0034 
-0026 
20033 
.0024 
-0050 
-00%3 
.0030 
26032 
0036 
70033 
20029 
0027 
20027 
.0046 


.0047 
-0056 
20057 
~0045 
~ 0052 
-0073 
-0041 
~0044 
.0009 
~0012 
VOW? 
~O004 
BOOT 
ULOM BS) 
-00T9 
700TS 
.0014 
-0016 
30022 
-0019 
20021 
-UOTS 
.0009 
s0G49 
20013 
.0018 
.0014 
~ 0018 
~0017 
SOO 
.0014 
.0014 


~0012 


edt 


.0004 
-0007 
-0000 
-0002 
-0000 
-0000 
-0000 
-0001 
-0000 
-0000 
70002 
-0002 
-0001 
~0002 
.0000 
0000 
-0002 
~0001 


-0000 
~0002 
<0005 
20003 
~0007 
.0008 
.0006 
.0004 
e003 
-0000 
~ O01 
-0004 
-OOK1 
~0004 
-0004 
70005 
.0008 
-0001 
~0005 
.0000 
-0000 
-0001 
-0000 
.-0000 
0000 
.0000 
.0000 
-0000 
-0000 
0000 
~0000 
0000 
.0000 


Gr~- we 


~249 
- 264 
s250 
geo 
weal 
7202 
3207 
2250 
. 140 
2505 
7346 
2308 
246 
2253 
~499 
.449 
- 500 


900 
2310 
75390 
~437 
~434 
#320 
- 266 
448 
$2541 
2/1510 
~134 
~ 142 
~174 
. 164 
En56 
. 188 
- 166 
2760 
240 
2190 
~202 
- 156 
7095 
mI RS: 
sey teh) 
~ 144 
147 
183 
. 188 
147 
ewe 
147 
. 140 


Gr=f 


7039 
.015 
SONS 
2020 
Ota 
007 
006 
s014 
006 
oUF 
.010 
+07 
~005 
2065 
020 
+08 
2046 
vou 


22.0 
.022 
.024 
sOT8 
054 
~042 
-051 
041 
041 
- 032 
U2d 
~036 
SUZ 
020 
e019 
2022 
=009 
008 
>020 
030 
2049 
2036 
~026 
s021 
.018 
o0T7 
S012 
O29 
~030 
020 
Olly 
.014 
2007 
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~ 147 
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MOAT 
7087 
5052 
2UG2 
.061 
2054 
047 
124 


e122 
2455 
2206 
ot 7 
$295 
sods) 
2167 
2109 
- 160 
OTD 
aA 
SORTS 
~044 
041 
BUSS 
PLO 
084 
098 
094 
7 080 
059 
061 
5093 
= O2 
087 
2-092 
106 
Pe ai bo) 
MOveys 
~U63 
O96 
081 
2095 


Cu-£ 


009 
Onis 
004 
2002 
000 
000 
000 
000 
000 
000 
000 
000 
000 
001 
7002 
2003 
000 
2005 


7002 
007 
~042 
2005 
006 
009 
aha ies 
.014 
3003 
OTe) 
.014 
002 
2011 
006 
2007 
3005 
006 
000 
004 
008 
7001 
000 
007 
000 
=o 0s) 
000 
011 
- 009 
006 
000 
7003 
000 
003 
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Raw Sewage: Centre Grit Tank 
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800606 
800607 
800607 
800608 
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800609 
800609 
800610 
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800611 
800611 
800612 
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800614 
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Raw Sewage: 
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800613 
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2200 « O.037 
400 0033 
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1000 -0028 
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955 -0036 
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-0004 
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~0004 
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-0004 
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.0003 
~0004 
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-0003 
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Final Effluent 


800606 
800607 
800608 
800609 
800610 
800611 
800612 
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800614 


Date 


Hour 


1634 
405 
1644 
408 
1642 
408 
1606 
22" 


1756 
530 
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W652 
416 
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418 
T6175 
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-0010 
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-0016 
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-0014 
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-0001 
0007 
9007 
0008 
.0008 
-0004 
.0008 
-0004 


-0004 
-0003 
~0002 
.0003 
-0002 
30003 
-0002 
0003 
-0001 
-0002 
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080 
037 
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010 
010 
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020 
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Raw Sewage: Right Side Grit Tank (Site A) 
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2 SLUDGE SAMPLES 


Date Hour cd Cr Cu Ni zn 
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